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Abstract

Fiber-To-The-Home (FTTH) has experienced a boost in the last years
which came as a consequence to the continuous technological evolution
in hardware as well as in software, which in their turn have drove the
evolution of internet applications. Numerous optical fiber network
implementations have been realized worldwide. Several architectures
and technologies have been tested in real life scenarios and many more
have been designed in wuniversity labs and telecommunication
companies. The point has now been reached, where one refers to next-
generation networks.

At the end of the day the most critical factor in optical networks, is their
cost, their effectiveness and the counterbalance among the two
elements. A thorough inquiry has been performed on both aspects of
Fiber-To-The-x (FTTx) and optical networks in general. Topics on their
performance in combination with their cost and financial assessment
have been covered for many different infrastructures and technologies,
focusing mainly on the Passive Optical Networks (PONSs).

Hybrid Wavelength Division Multiplexing / Time Division Multiplexing
PONSs, have been studied scientifically so as to expand their limits. This
has been realized by applying elaborate design, in-line remote
amplification, use of alternative as well as extended band for the signal
transmission, dispersion compensation and signal equalization and with
the help of numerous studies.
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Chapter I
Introduction

Internet has changed radically in the last few years. In this sense, web browsing has
been replaced nowadays by video streaming. Multimedia services, such as high
definition cloud gaming, continue to drive the need for more bandwidth. Nielsen’s law
predicts that the increase of a high end user connection speed, is up 50% annually. In
other words, a need for 20Mbps today will be translated into a need of 152Mbps by
2016 and future research is targeting to 400Gb/s. It is evident, that high speed
broadband is critical for the future networked reality. The question that remains to be
answered, is how access networks can lead us to the digital world.

As far as the current generation of access technologies is concerned, there are
two options for increasing the connection speed. The first one, is maximizing the use of
the existing copper infrastructure and the second one is installing a new fiber plant. In
case of copper use, in order to achieve a large bandwidth delivered to the end customer,
the copper loop has to shorten, thus fiber has to extend deeper into the network. This
leads to networks consisting of fiber fed Very-high-bit-rate digital subscriber line 2
(VDSL2) nodes.

Ultimately, fiber is expected to connect all users. Fiber-to-the-Home (FTTH) is
one of the largest and fastest rising infrastructures in developed countries, promising to
constitute the pillars on which a vision of future digitized society will be based and
materialized. The reason for that, is the set of promising applications that such an
infrastructure can provide, which range from luxurious delivery of digital visual and
audio streaming and on-line teleconferences, to e-health for the elderly and people
living in remote areas, as well as e-learning and e-government for people having
difficulties moving from their house, or just wanting to reduce commuting. Internet of
people, internet of things, internet of intelligence and internet of services constitute the
internet of the future which will need to be based on a ubiquitous, high-capacity
network. Fiber-to-the-Home development requires constantly evolving technologies that
deliver the maximum possible bandwidth, to the maximum possible distance and to the
ultimate number of end users, with the most cost effective way and with the lowest
possible operational cost. Therefore, the design of a network that can cover
simultaneously all those needs could represent an innovative solution on Fiber-to-the-
Home.

Throughout the years, since the beginning of fiber networks, many solutions
have been proposed as the most appropriate ones. The debate on the most efficient

13



Chapter 1. Introduction 14

technology for Fiber to the Home networks is the most long lasting one and the richest
in arguments. This debate is usually followed by another one, on the most adequate
architecture to be used to serve the needs of each area. Usually, the architecture is
combined with the technology to be used, in the sense that each technology is better
served by a specific architecture. For example, point-to-multipoint (P2MP) or star
architectures, can serve both passive and active technologies, while point-to-point (P2P)
architectures are mostly used in active networks. The most frequently installed
technologies are: the passive optical networks (PON) standardized from the
International Telecommunications Union (ITU-T), under the umbrella of the initials
G.98x, like Asynchronous Transfer Mode (ATM) PON (APON), broadband PON
(BPON), Gigabit PON (GPON) and nowadays 10G-PON (XG-PON) and additionally,
the PONs standardized by IEEE, like Ethernet PON (EPON) and Gigabit EPON (G-
EPON). On the other hand, many operators worldwide have chosen the simple solution
of Active Ethernet optical network, deployed in P2P architecture, or, in some cases,
deployed in a P2MP topology, also known as Active star. Wavelength division
multiplexing (WDM) and wavelength division multiplexing/time division multiplexing
(WDM/TDM) PON, two emerging technologies, appear to be the descendants of the
aforementioned technologies.

There is a large record of studies on the financial assessment on each of these
solutions and part of this study has been the estimation of several costs related with
FTTH infrastructures. In all previously mentioned networks, the maturity of the
equipment could provide a relative cost advantage when compared with the
WDM/TDM PON under development. Nevertheless, the savings this new technology
promises to bring, can be perceived when one takes under consideration the number of
wavelengths served with the same feeder fiber, as well as the number of customers
served per wavelength. Furthermore, this technology promises to expand the physical
reach of already standardized optical network technologies, thus reducing the active
equipment cost per unit of length.

1.1 Motivation

Already designed and tested WDM/TDM PONSs can demonstrate their cost and general
efficiency, with their prolonged limits in terms of users served and physical reach.
Nevertheless, an assiduous study in terms of economic and technical aspects of the
FTTH networks available, has shown that the most cost effective solution is the one of
WDM/TDM PON. Its limits and the expansion of those limits can, on the one hand,
ensure the viability of such a network among the existing and incumbent technologies,
and on the other, ensure its future sustainability for many years. This last quality, along
with compatibility with existing infrastructures, is both desirable and important for new
technologies of optical networks.
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The existing WDM/TDM networks promise to deliver symmetrical several hundred
Mbit/s, spread along distances up to 100km to more than 1000 users. This study has
been based on a network in which a WDM ring is used for the transport of the large
amount of downstream and upstream information, with the use of several wavelengths
and TDM trees that multiplex in the time domain, data, which reach from several end
users. Several As, deriving from corresponding operators, share a common infrastructure
[1]. Along the WDM ring, passive remote nodes (RN) which implement cascadable 2-
to-1 fiber optical add and drop functions, are distributing different wavelengths to each
of the access trees. Remote amplification is introduced at the RN by means of erbium
doped fiber (EDFs) to compensate add/drop losses, while optical pump for the remote
amplification is provided by pumping lasers located at the central office (CO), also
providing extra Raman gain along the ring. The optical network units (ONUSs) are

ol
;:K

WDM RING

RNy

] RNy4

o

motriese Al2N

20 Downstream Signals

Fig. 1.1 SARDANA: Scalable Advanced Ring-based Dense Access Network Architecture and its main
technical and design characteristics (www.ict-sardana.eu)

usually based in reflective devices -in the network examined: reflective semiconductor
optical amplifiers (RSOAs)-, operating on the principle of re-modulating. They use
either the downstream signal itself, or a dedicated continuous wave (CW) signal fed by
the optical line terminal. This network design is called Scalable Advanced Ring-based
passive Dense Access Network Architecture (SARDANA) and can be seen in Fig 1.1.
It’s a network that can offer many possibilities, but can also be expanded and enhanced.
Some of the challenges this specific design is facing are namely:

i. Limited pump power
The supply of pump power, in the form of compact standard laser modules, used to
amplify the signals, either with remotely pumped erbium-doped fiber amplifiers or
by utilizing the Raman effect, is concentrated and localized in the CO. Due to
security regulations and due to capital and operational expenditure (CAPEX and
OPEX) considerations, the provided to the network pump power is limited.
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Furthermore, the fiber non-linear effects as well as the fact that the sources are
shared, induce extra limitations to the value of the pump power that could
conditionally be used. The pump power requirements regarding remote erbium
doped amplification and Raman amplification though, are very important physical
parameters of the network, affecting not only its limits of reach and number of users,
but also the wavelength plan.

ii. Limited bandwidth which translates into serving a limited number of users

The signal power, as in respect to the pump power, is up-limited by non-linear
effects. The non-linear effects depend on the frequency allocation, creating a need
for careful assignation of the working wavelengths. This limitation, which is
originally a power limitation, creates an interdependent bandwidth limitation.
Furthermore, transmission bandwidth is critical in PONs at 10GBit/s to maintain a
low cost implementation. The use of an alternative/extended set of wavelengths is a
suggested solution to this limitation.

iii. Chromatic dispersion (CD) limiting the reach or/and increasing the need for
higher OSNR

The chromatic dispersion at 10GBit/s is a limiting transmission factor especially in
cases there is induced chirp from the transmitter. CD reduces both the bit-error-rate
(BER) performance and the range of optimal receiver (Rx) and transmitter (Tx)
bandwidth. In contradiction to the aforementioned idea of extending the
transmission wavelength, in links affected by chromatic dispersion, too high Rx-
bandwidth and Tx bandwidth are leading to extra penalties. The use of dispersion
compensation and signal equalization can reduce the effect of CD.

iv. Signal distortion due to transmission in long distance
The transmission of the signal can be overwhelmed by the noise conducted along
the fiber, as well as thermal noise. Rayleigh back scattering, fiber imperfections as
well as dispersion and attenuation of the signal, cause the need for elaborated optical
amplification.

1.2 Objectives

Two are the main objectives of this thesis. The first is the techno-economic evaluation
of several technologies and topologies used in FTTH infrastructures, as well as an
assessment of the WDM/TDM PON in this framework. The second is the expansion of
limits in terms of reach and number of users in a WDM/TDM passive network. This
study aims at examining several approaches in order to achieve this expansion. In this
effort the main limitations, mentioned earlier were addressed by:
e Means of smart design to try to expand the limits of either reach or number of
customers served, or both
e The use of an alternative band as well as of the combination of the normal with
the alternative one to expand the capacity of customers served.
e The use of remotely pumped EDFs, who are in line with the several WDM As, to
provide adequate amplification to the total number of the signals so as to reach
the desired point.
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e Raman amplification, which has been used as an auxiliary mechanism to
remotely pumped EDFs to amplify the signal.

¢ Dispersion compensation, as a way to improve the quality of the signal.

e Electronic equalization, as a technique to refine the signal.

e Finally all of the aforementioned methods were used in combination, for
maximizing the performance of the network

1.3 Thesis overview

This thesis, covers two general concepts. The first is the techno-economic evaluation of
all FTTH technologies and architectures and the assessment of WDM/TDM PON
among them. In this effort, a newly emerged design, based on the principles of
WDM/TDM, named Scalable Advanced Ring-based Dense Access Network
Architecture, has been used as a reference. The second, is the expansion of next
generation WDM/TDM PON designs and the focus is transferred from the financial to
the technological and operational characteristics of the optical access network, as well
as the experimental study performed in order to prolong their boundaries. Once more,
the prototype of SARDANA has been used. The thesis is organised as follows.

In the second chapter, an overview of existing optical access networks takes place,

asides of the existing infrastructures and the already deployed Fiber-to-the-X (FTTX)
networks worldwide. FTTx penetration in the form of numbers of users per country is
given. The status of research regarding techno-economics of optical networks, as well as
of the research on WDM/TDM PONSs is described. On the third chapter the existing
technologies for extended PONs are presented, along with the latest designs and
technologies used for WDM/TDM PONSs. Furthermore a techno-economic evaluation of
existing FTTx infrastructures in terms of outside plant, likewise in terms of active
equipment takes place. On the fourth chapter, a presentation of SARDANA is realised,
along with the challenges of long reach-enhanced PONs. This is the initial model, on
which both the estimation of CAPEX for WDM/TDM infrastructures, as well as the
first ideas on expansion of WDM/TDM PONs have been based.

On the fifth chapter, an initial approach on the problem of restricted pump power is
being addressed, by means of network design, in terms of wavelength allocation.
Additionally, the solution of using remotely pumped EDFs in line with the WDM
signals is being examined, as well as, some aspects of the operation of EDFs. On the
sixth chapter, the idea of using an alternative band of transmission, more specifically the
L-band instead of the C-band, in combination with in-line amplification of the signals
using remotely pumped EDFs is investigated.

On the seventh chapter, the use of an extended band of transmission, namely the
window covering both C+L bands is considered, so as to increase the number of end
users served, as well as to cover the possible need of alternative operators to be served
easily by the same infrastructure in the future. Additionally, on the same chapter, the
Raman effect as a means of amplification of the signal is studied. This effort has been in
co-operation with the Instituto de Telecomunicagdes (IT).
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Chapter eight, is focused on the effects of transmitter-induced chirp and signal
dispersion on transmission in long distances, as well as a study on the effect of the ER
of the signal in dispersion. In addition, the behaviour of dispersion compensation and
electronic equalization on distorted signals is presented, aiming at determining the
possible limits of a realistic transmission link.

In chapter nine, the combination of the solutions suggested in previous chapters is
examined, as well as the ultimate reach of the network when it operates. Finally, on the
last chapter we present in summarizing all the knowledge that has been acquired
throughout this study, the conclusions we have ended up at and some recommendations
for future research.



Chapter II
State of the art

This chapter covers the present situation regarding the subjects dealt within this thesis.
As the main research subject of the study is FTTH, initially, the penetration of this
technology in Europe and worldwide is presented. Following, aspects of the techno-
economic studies made on the FTTx infrastructures and the corresponding technologies
are exposed. Next, an overview of the current state of research on WDM/TDM PONSs is
given.

2.1 Optical networks worldwide

FTTx is spreading very swiftly in all continents, in several forms, with the use of
different topologies and different technologies. According to the latest registration
(2011) of FTTH Council, more than 75 million users worldwide are connected with
fiber optic connections to the home [2]. From those connections, 60 million are used in
Asia, 10 million in United States of America (USA), 5.5 million in Europe and 0.5
million in United Arabic Emirates (UAE). Data released from the FTTH Council, rank
the countries with the highest penetration worldwide as can be seen in Fig.2.1.

In terms of infrastructure, as far as Europe is concerned, there are approximately
28 million homes passed and an average take up rate of 18.4% [2]. Russia though,
according to the latest reports [3], has added 2.2 million new FTTH subscribers in the
second half of 2012 to reach a grand total of 7.5 million fiber-connected homes.
Moreover, French government has announced that it will invest 20 billion Euros into
ultra-fast broadband infrastructure, with a special focus on future-proof fiber, in the
coming years [4].

19
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Fig. 2.1 Market Penetration of FTTH - Ranked by Country
(Press conference FTTH Council Europe 15/2/2012)

2.2 Techno-economics

During recent years, an increasing number of research papers, besides the consultancies’
reports, have been composed within national and international collaborative projects,
aiming to contribute to this broadband debate, regarding the cost and the efficiency of
each FTTx solution, which has started as early as in the late 80’s. Models have been
developed, for the estimation of the several costs involved in the implementation of an
optical network.

In fact, there are published guidelines and instructions for creating a techno-
economic model [5]. European telecom operator combined these guidelines with a
thorough and detailed financial evaluation of several scenarios of deployment, based
though, only on current technologies, not covering future ones, such as WDM/TDM
PONs [5]. Furthermore, automated network planning tools have been implemented,
which helped in techno-economic research [6]. But, these tools have been used for the
comparison of FTTx and FTTH architectures that both use commercially available
technologies [6]. Since the subject of the infrastructure cost has been a matter of great
concern for most of the local authorities in technologically evolved countries, studies
have been performed, that concern each country/area locally and individually. Therefore,
most of the investigations are focused on specific regional needs. For example, there are
deployment studies that focus on the geographical characteristics of a particular area,
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while there are others that focus on the preferred technological choices of the country’s
strongest telecom market players.

Drop saction Feader section

Fig. 2.2 Examples of geometric models used for techno-economic
calculations of: a) GPON, b) P2P, fiber distribution [6]

Therefore, there are studies comparing FTTH deployments with Fiber-To-The-
Curb/Very-high-bit rate digital subscriber line (FTTC/VDSL) as in [6]. The network
design (geometric) models used to calculate the necessary equipment to deploy the
several different infrastructures are based on mathematic norms, and algorithms. These
models, that use in addition correction factors [7], give an approximation of the required
optical fiber length and consequently of the total material needed for the implementation
of the network. Three examples of these models appear in Fig 2.2 and Fig 2.3.
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Fig. 2.3 Geometric model for techno-economic evaluation of FTTC/VDSL and
FTTH Roll-Out [7]

A subject that concerned researchers, is the cost of transition from an FTTx
infrastructure to FTTH, or to another version of FTTx [8], but, once more, only
commercialized technologies such as GPON and Active Optical Networks (AONs) have
been examined. Likewise, disputes have arisen regarding the prevalence of PONs and
AONSs [8]. The study in [8] focuses, as can be seen in Fig.2.4, on the two FTTH-AON
architectures, namely Active star and Home run. As far as PONs are concerned WDM
and TDM technologies were investigated. Once more, the hybrid solution of
WDM/TDM PON was not included in the study.
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Fig. 2.4 a)AON homerun, b)AON active star, c) TDM PON, d) WDM
PON. Comparison of Active star and home run AONs with TDM and
WDM PONSs [8]

The number of the techno-economic evaluations seen in publications is as high as the
number of possible combinations of the FTTx infrastructures with all the technologies
used for an optical access network. There is big literature regarding the assessment of
GPON in contrast with Ethernet Point to Point (EP2P) as well as Active star
deployments [9]. One of these comparative studies weighs WDM PONs against TDM
PONSs [10], giving some interesting results regarding the required infrastructure and the
cost difference between Greenfield and Brownfield scenarios, yet again without
presenting any actual network technology, but on the contrary, basing the results on a
theoretical abstract design. As technology progresses, research focuses in new optical
network implementations. For example, we have seen the comparison of two similar
hybrid WDM/TDM PONSs appearing in [11]. The study has taken into consideration two
flavours of WDM/TDM PONSs, whose main difference is localized in the ONU. The
results of this techno-economic comparison have been extracted for two scenarios, one
of an urban and one of a rural area correspondingly and can be seen on Fig 2.5. The
comparison has been performed for two similar PONSs, not taking into consideration
older technologies and how the WDM/TDM PON can offer a financially distinctive
choice when compared with existing and deployed technologies.
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Fig. 2.5 Cost breakdown for the cost per subscriber for different hybrid WDM/TDM
PON technologies [11]

As can be observed, scientific research has been focused on the composition of
different elements of this multidimensional study, aiming to derive with the most
effective FTTx/FTTH architecture and technology. In this thesis, several techno-
economic comparisons among various existing, emerging and future technologies and
infrastructures are presented, in an effort to combine all of these elements. The reason
for this was the need to explore the entire cost of different optical access networks and
estimate whether the new technologies provide indeed a significant cost reduction. The
hypothesis was proven correct, therefore, the estimation of the cost difference among
the several infrastructures, followed. Hybrid WDM/TDM PON was found to be the
most cost effective solution, nevertheless a complete study on current — commercialized
architectures and technologies has been realised as well, in order to have a definite and
integral result. This realisation on the cost-effectiveness of the WDM/TDM PON led us
to study the ways this technology could be expanded compared to the existing
implementations.

2.3 WDM/TDM PON

Quite a few studies on WDM/TDM PONs have been performed and are at the moment
taking place by researchers worldwide. Research projects currently proceeding or
recently completed are presented below.

The project PIEMAN (Photonic Integrated Extended Metro and Access
Network) [12] is a 6™ Framework Program (FP) Specific Targeted Research Project
(STReP) that focussed on the development of colourless electro-optical devices of the
ONT for WDM/TDM PONSs, with bandwidth up to 10 Gbit/s downstream and upstream.
This technology can thus be available also at this level. Since this project is mostly a
network element - development initiative, it does not focus on network design, therefore
does not contribute to network design and optimization.
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MUSE (Multi Service Access Everywhere) [13] is a 6FP Information Society
Technologies project whose scope is multi-layered on several wired access techniques.
Optical access technologies under study here, are a coarse wavelength division
multiplexing (CWDM) resilient ring system and a hybrid fibre radio solution, suited to
feed Worldwide Interoperability for Microwave Access (WiMAX) base stations. The
subject of Dense Wavelength Division Multiplexing (DWDM) has not been addressed,
while the focus is mostly on the end-to-end inter-domain compatibility using Internet
Protocol (IP) Ethernet technologies and the Media Access Control (MAC) protocol that
was developed as an evolution of the Full Service Access Network (FSAN) GPON
system.

The project HARMONICS (Hybrid Access Re-configurable Multi-wavelength

Optical Networks for IP-based Communication Services) [14] is a hybrid access
network, combining an optical feeder network with multiple access technologies. It is a
WDM PON and the studies performed in the framework of this project were mainly
metro and MAC oriented. HARMONICS used electric switching and fixed lasers and
did not reach to the end-user, therefore it consists of a service-metropolitan area
network (MAN) solution. It integrated different traffics and proposed the use of a
combined WDM/TDM solution, implemented in the MAN ring, with FTTC possible
extension. Therefore, the point of FTTH WDM/TDM PON that is the main research
subject of this work, has not been raised.

Project SUCCESS-HPON (Stanford University aCCESS Hybrid WDM/TDM
Passive Optical Network - A Next Generation Optical Access Architecture for Smooth
Migration from TDM-PON to WDM-PON) (Stanford University) [15], in Fig
2.6 ,proposes complex ONUs with tuneable sources and active RNs. It is a general
architecture of next generation hybrid WDM/TDM optical access architecture.
SUCCESS-HPON is well developed on the MAC domain but can present limited
physical layer experiments.
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Fig. 2.6. SUCCESS-HPON: a) overall architecture, b) OLT block diagram, and
c) WDM-PON ONU block diagram [15]

Other projects carried out in the past, like PRISMA, TOBASCO, PLANET,
SUPERPON, etc, also used hybrid transmission media and/or active devices (like
switches, O/E converters, optical amplifiers) along the PON. The main research line
followed by these projects is not in accordance to the study represented in this thesis, as
the network examined herein is a fully passive solution.

ePhoton/One IST Network of Excellence [16], included specific joint activities
in topics like next-generation PONSs, impairment monitoring and electronic
compensation. It has focused of CWDM in contradiction with the studies represented
here, who have been focusing on DWDM technology.

As far as single research institutes, or collaborations among them or among
industry and academic institutions is concerned, there is a number of efforts taking or
have been taken place worldwide. Most of them are presented below.

Shangai University has focused on the development of a hybrid WDM/TDM
PON. Their efforts are concentrated towards the development of a new WDM/TDM
PON design based on a dual fiber ring with access-tree topology, which utilizes a
reconfigurable optical add-drop multiplexer based on wavelength blocker technology.
Furthermore, they have focused on the design of a self seeding Fabry-Perot (FP) fiber
laser at the ONU [17]. Huazhong University of science and technology in China has
focused on the development of a long reach WDM/TDM PON. This network is based
on the use of RSOAs as well as the use of optical add drop multiplexers (OADMs) [18].
Korea Telecom in co-operation with Chungnam National University have focused their
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efforts towards the development of a new WDM/TDM PON design based on a dual
fiber ring with access-tree topology, which utilizes a reconfigurable optical add drop
multiplexer. The design has used RSOAs and remotely pumped EDFASs in combination
with 32 WDM channels and 16 TDM channels per wavelength [19, 20].

KTH in co-operation with Ericsson and Zhejiang University researched the
transition from TDM to WDM/TDM PON [21]. They have suggested a protection
scheme that would serve as the intermediate step for the smooth migration from TDM
PON to WDM/TDM PON. The feasibility of such a project in terms of cost has been
investigated as well [22].

Korea Advanced Institute of Science and Technology (KAIST) with Samsung
electronics have researched a WDM/TDM PON that can serve up to 128 users. This is
achieved by cascading 1X16 arrayed waveguide grating (AWG) and 1X8 splitters. The
use of a single FP-Laser Diode (LD) has been considered, with an amplified
spontaneous emission (ASE) injection. Multipath transmission mechanism from optical
line terminal (OLT) in optical wireless converged network architecture has also been
investigated [23]. Korea and Bangladesh have introduced a similar design in the form of
a self restored tree type WDM/TDM PON. The network is implemented with the use -in
this case also- of a 1X16 AWG in the OLT and 1X4 Band Splitting Wavelength
Division Multiplexing (BSWDM) filters both in the OLT as well as in the first stage
RNs. In the second stage RN, a pair of 1:16 passive splitter is used so that TDM-PON
de-multiplexes and multiplexes signals at channel level respectively [24].

COBRA institute, Eidhoven and Genexis have created a WDM/TDM PON
network entitled: “Dynamically reconfigurable Broadband Photonics (BBPhotonics)
network”. The configuration is served by an OLT that transmits 8 data-and-continuous
wavelengths (CW) wavelength pairs. The CW are transmitted by the OLT for use in the
upstream modulation. The CO, where the OLT lies, is connected through a Standard
Single Mode Fiber (SSMF) ring with 4RNs. Each RN with the use of a reconfigurable
OADM serves 16 reflective optical network units (ONUs). In this framework
experiments over 27km were performed, demonstrating simultaneous up and
downstream traffic at 10Gb/s per channel. [25].

NTT Access Network Service Systems laboratories in Japan have performed a
study on the existing WDM/TDM PON technologies and suggest two different solutions
for the way the future research could evolve. NTT’s interest in present and future results
of academic research in the WDM/TDM PON technology proclaim an interest on behalf
of the operator to use such a technology for future network implementations [26]. They
suggest a WDM/TDM system based on their developed technologies. Furthermore,
studies have been performed for the use of a dynamic wavelength and bandwidth
allocation (DBWA) algorithm so as to use, as efficiently as possible, the available
bandwidth resources and to tune them in correspondence with the users’ requests. The
DWBA operation has been tested with 40Gb/s tunable laser.

ETRI in Korea along with National ICT of Australia and the University of
Melbourne suggest a multiwavelength PON (MW) as a useful antecedent of
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WDM/TDM PON which will allow a smooth migration from the existing systems to the
aforementioned future one [27] The MW PON consists of a remote AWG used as a
channel multiplex, a remote splitter and a group of circulators in the RN and small
splitters near the ONUSs. The seed light is composed of multiple wavelengths rather than
a single one. A RSOA is used as a colorless upstream transmitter and a low-cost
channel filter is integrated into the RSOA-based transmitter the receiver of the MW
PON. ETRI in co-operation with Korea University of science and technology have
suggested a protection structure for WDM/TDM PONSs. Moreover they have suggested
a WDM/TDM PON that operates with tunable laser diodes and considers RSOAs for
uplink transmitters [28]. Finally ETRI in cooperation with Korea Telecom have
deployed the first commercial WDM//TDM PON in which one feeder fiber can support
512users. The system uses RSOAs in the ONUs and 16X1.25 Gb/s colorless gigabit
WDM/PON and a legacy TDM/PON with optical-electrical-optical converters [29].
KDDI R&D Laboratories in Japan propose a ring based WDM/TDM PON implemented
with the use of an injection-locked Fabry-Perot LD and a wavelength converter [30].

The institute for Infocomm research in Singapore has proposed a WDM/TDM
PON with dynamic virtual PON capabilities, 10Gb/s downstream and 1.25Gb/s
upstream. Furthermore, they have suggested the use of DPSK in the downlink and OOK
in the uplink operating in the same bandwidth as before [31]. NUST, National
University of Science & Technology in Pakistan proposes a WDM/TDM PON
architecture based on EPON technology [32]. Corning has performed an experimental
study on a 11.1Gb/s WDM/TDM system that supports 8 channels in 100km and 1:128
wavelength split ratio, with the use of EDFA in the experimental set up [33].

As far as WDM/TDM PON research on the MAC layer is concerned, National
Taipei University of Technology in Taiwan has studied a delay sensitive multicast
mechanism for downstream traffic in WDM/TDM PON [34]. University of California
has developed an algorithm for efficient bandwidth usage, using a behaviour-aware
user-assignment approach, based on the daily usage profiles [35].

Obviously, there is a large interest worldwide about this new technology and the
support it is receiving, is an index that it will be the new technology to be used in FTTx
and more specifically FTTH deployments. This, as well as the cost reduction we have
estimated that the new technology will bring along, was the driver for the research on
the expansion of the limits of a WDM/TDM PON as mentioned already.



Chapter III
Techno-economics

In this chapter, we expose the financial drivers behind the initiation of this study on the
extension of limits of a WDM/TDM PON. In this framework, different architectures of
FTTH and the technologies used to implement them are analyzed, in their cost and
performance aspects. A study of the outside plant (OSP) cost as a function of household
(HH) densities for all FTTH architectures and technologies such as GPON, EP2P,
WDM/TDM PON, as well as a comparison on the aforementioned cost of each, is
presented. In addition, a complete study on the overall cost of three access-metro
network architectures has been performed. The estimation includes the OSP cost, as
well as the active equipment cost of three optical networks, namely, metro network &
GPON in the access part, metro network & EP2P in the access part and finally an
access-metro WDM/TDM PON architecture. Moreover, a first attempt is being made on
the cost estimation of future architectures that will host large splitting ratio PONs. This
attempt serves like a preamble on the future work that needs to be done on FTTH
techno-economics.

The 3" chapter is organized in four parts. In the first, the drivers and the general
reasons behind the research on FTTH networks are presented, whereas on the second,
the motivation behind this specific study along with the tools used, are developed.
Furthermore, in the second, the basic characteristics of the FTTx networks are exposed,
followed by a description of the technologies that can be used for the deployment of
FTTH architectures. In the third, a presentation of the actual-real life implementation of
an optical access network, in terms of equipment and installation, is taking place, while
on the fourth we are explaining the methodology followed, for the estimation of the cost
in each case. On the final part, the findings and results are presented, along with some
conclusions.

3.1 Drivers and requirements behind FTTH research

Communication services offered to customers have been fast developed in the last
decades. End users are no longer interested only in voice telephony, broadcast television
and radio; they are also increasingly asking for always-on fast Internet communication,
fast peer-to-peer file transfer, high definition multimedia, on-line gaming, etc. Since the

29
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access part of a network is the one that usually generates the bottleneck, an efficient
access network is required for the delivering of these high bandwidth applications.

Existing copper-based technologies can cover present needs but are not future
proof due to their limited performance in terms of reach and bandwidth [36]. This is the
main reason that has motivated operators to either deploy optical access networks as
Fiber-To-The-Node (FTTN), Fiber-To-The-Curb (FTTC), Fiber-To-The-Buiding
(FTTB) along with the existing copper cable network and gradually transit to FTTH, or,
move at once towards the deployment of a FTTH network and providing higher
bandwidth.

The increase of high bandwidth applications, coupled with the need for decrease
of the investment levels for next generation networks deployments, has led incumbent
operators to deploy various forms of optical access networks and different kinds of
FTTx architectures and technologies. Some of the main players of the broadband market
in Europe, in order to cover the need for cost efficiency, have adopted PON technology,
while the need for future proof and simple solutions, has lead others to the adoption of
P2P architectures, usually combined with active technology. In most European
countries though, the prevailing status in optical access networks is that of a
combination of P2P and P2MP architectures deployed from different operators, as well
as a combination of active and passive technologies. Still, the majority of the European
customers are being served with internet connections provided by the technology of
Asymmetric Digital Subscriber Line (ADSL), ADSL2 and VDSL in combination with
fibre reaching a central aggregation point like FTTC or FTTN. Furthermore, new DSL
technologies, such as Fast Access to Subscriber Terminals (G.Fast) and Vectoring
VDSL, seem to gain ground lately in telecom equipment makers and operators
preferences. Nevertheless, a lot of cities have already deployed FTTB (as in Swedish
municipalities or in Lithuania) and FTTH networks; the technologies used for FTTH are
Gigabit-Passive-Optical-Network (GPON) technology (Orange, Telefonica) or active
P2P (Amsterdam municipality, alternative providers in Poland and France).

It is evident that fiber infrastructures constitute the present and the future of land
telecommunications. Therefore, thorough research has been performed for the cost
efficiency and the performance of optical access networks. Several studies have been
implemented on the comparison between GPON and EP2P [37]. Ever since the idea of
using fiber to the access part of the networks has emerged, numerous comparisons were
published both for the cost [38] and the performance [39] of the several types of access
networks. Investigations have also been made for next generation extended PONs [40]
and their cost [41]. Some of them are based in the evaluation of the OSP cost while
some others estimate the cost of the necessary active components [42] or both [43].
Nevertheless, in this thesis, a complete study of OSP cost as a function of household
(HH) densities for all FTTH architectures and technologies and comparison on the
aforementioned cost of all the FTTx architectures —namely: FTTN, FTTC, FTTB,
FTTH-P2P, FTTH-GPON, FTTH-Active star, and FTTH-WDM/TDM PON as well as
of some high splitting ratio solutions- is performed and presented. The cost difference
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of several FTTx deployments and the cost comparison between four different FTTH
architectures is shown. It is clear, that the difference between Fiber to the Node, to the
Curb and to the Building is a rather significant one and that among the technologies
examined, the WDM/TDM PON is the most cost effective. Finally, as far as PONs are
concerned, it is shown that the increase of the splitting ratio leads, as expected, to a cost
improvement due to the smaller number of fibres used. Yet, this is not as significant, as
the ducts and trenches sizes that are used in current FTTH deployments, do not allow
for the maximum benefit to be achieved. However, another important finding is that the
cost savings in high splitting ratio PONs are not increasing linearly with the splitting
ratio.

3.2 Motivation of this study and tools

As seen and reviewed so far, at present, there is a global tendency to migration towards
FTTx architectures. Numerous examples of research publications have dealt with the
subject of the most sufficient financially and future-proof solution. The reason for our
techno-economic comparison was the need to explore the cost of different optical access
networks and estimate whether the new technologies indeed provide a significant cost
reduction. With this study, we try to compensate for the gap in the literature as far as a
techno-economic evaluation of an emerging technology is concerned. What we believe
has been missing is an objective approach to the implementation of a network, avoiding
approximations and correction factors, but based on an real life deployment method.
The results of this research proved that the presumption we made initially regarding the
most cost efficient network was correct, therefore, we proceeded to the estimation of the
cost difference among the several infrastructures. Hybrid WDM/TDM PON was found
to be the less costly solution, nevertheless, in order to have a definite and integral result,
a complete study on commercialized architectures and technologies has been realised as
well.

The tools that have been used so far, have been abstract in their way of
calculations and have either covered only a part of the costs involved with such an
investment, or they have focused on already established and commercially available
technologies. What this thesis is focused on, is a realistic and complete approach to the
cost estimation of FTTx and FTTH networks, including, all parameters that comprise an
optical fiber network. Both, existing - commercialized protocols used to deliver high
bandwidth to end-users, as well as, new promising and non-standardized, yet complete
protocols, have been taken into account. Moreover, a first glance on the cost of future
high spitting ratio PONs, whose technology has not yet been fully developed, has been
ventured.

The model used, which is described in subsection 3.4.2 and 3.4.3 is designed in
great detail, based on instructions given from a construction company and is using very
tangible parameterization in order to reach the numerical results presented. The several
components needed to create an optical fiber network are presented, as well as their cost.
Details have been given on the actual deployment procedure and on the model design.
The architectures dealt with, are explained in detail and so are the technologies. In the
case of the newly developed technology (WDM/TDM PON) network, the necessary
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adjustments and extrapolations in time have been performed so as to achieve objective
results. The model created can be used as it is for a real greenfield deployment,
calculating the exact quantity of all elements needed and their exact placement on an
area, estimating in detail the cost of the final network, according to the chosen
technology and architecture. The study has been performed for the area of Athens and
concerns both scarcely and densely populated urban areas. Nevertheless, the model can
be used in rural areas as well. From the results presented one can clearly discern that
WDM/TDM PON technology is the less expensive.

3.3 FTTx architectures and technologies used in FTTH

Several implementations of optical based access networks have been suggested.
Numerous types exist in terms of technologies as well as in terms of architectures used.
Each choice serves different needs and covers different requirements. The prevailing
architectures for FTTH access networks are P2P or P2MP / Star architectures (Fig. 3.1.)
[38]. In the P2P (or Home Run) architecture, each fiber is dedicated to each end-user
(Fig. 3.1a) which is being translated into significantly high cost, even in the level of
infrastructure implementation. In P2MP architectures (Fig. 3.1b and 3.1c) the feeder
fiber is shared among many end-users according to the technology used.

Furthermore hybrid fiber-copper solutions have been suggested. Those are low
cost solutions for current deployments such as FTTB, FTTC and FTTN. FTTN is
defined as a fiber and copper local loop architecture for delivering broadband Internet to
subscribers. With FTTN, fiber is installed only to copper local loop aggregation points
known as feeder distribution interfaces (FDIs). FTTC is similar to FTTN with the
difference that the street cabinet is much closer to the user's premises (typically within
300 meters). FTTB is defined as the architecture in which the final connection to the
subscriber’s premises is a communication medium other than fiber. The fiber cable is
terminated on the premises for carrying communications for a single building with
potentially multiple subscribers. FTTH is defined as a communications architecture in
which the final connection to the subscriber’s premises is optical fiber. The fiber cable
is terminated at the subscriber’s premise for carrying communications to a single end —
user.

Two main categories of technologies are being used for the implementation of
FTTH [38]. Those are namely PONs and AONs. AONs and PONs can be implemented
in P2MP infrastructures, while P2P architectures are mostly based on Ethernet protocols.
The P2P or Home Run architecture has a dedicated fiber or pair of fibers connecting the
Central office with the end user. The P2MP in the case of AON is also referred to as
Active star and has a powered device in the field, such as a switch or router [44]. The
PONSs have several implementations which will be analytically described.
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Fig. 3.1. FTTH in a) P2P - Home run architecture, b) Passive optical network -
P2MP (passive star) architecture, c) P2MP - Active star architecture [38]

3.3.1 Time division Multiplexing (TDM) PONs

For TDM-PON, a single wavelength is being broadcasted as downstream and another is
used in the upstream. A passive power splitter is used as the remote terminal. Each
ONU signals are multiplexed in the time domain. ONUs see their own data through the
address labels embedded in the signal. The splitting ratio varies from 16-128.

Different versions of already standardized PONs are BPON [45], GPON [46],
EPON [47], 10G-EPON [48] and 10G-PON [49]. GPON is the prevailing technology in
PONSs nowadays especially in Europe. Due to the restrictions in bandwidth and reach
presented in TDM PON standards up to now, the next reasonable step forward is the use
of WDM in combination with TDM. In fact, hybrid WDM/TDM PON is an
intermediate stage in PON deployment between currently deployed TDM PON and the
future WDM PON [50].
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3.3.2 GPON

Gigabit-capable Passive Optical Networks (GPON) are standardised by ITU-T under
the family of recommendations G.984 [46]. The combinations of up/downstream speeds
are several, but when referring to the bandwidths delivered to the end customer
considered in this study only two can be considered:

1.2Gbit/s up, 2.4 Gbit/s down

2.4 Ghit/s up, 2.4 Gbit/s down.

The term physical reach is used to determine the maximum physical distance
between ONU and OLT. Two options are defined for the physical reach: 10km and 20
km. In this investigation only the option of 10km is considered. The reason for this, is
that it is assumed that 10km is the maximum distance over which Fabry Perot Laser
diode can be used in the ONU for high bit rates

The splitting ratio considered is 1:16. The bit rate offered is thus, 156Mb/s. This
bit rate is set as the reference bit rate, to which the performance and the overall cost of
each optical access network technology will be evaluated. In other words, all
deployments and technologies examined here should be able to offer a service of
156Mb/s to each end user. Considering this as the final target, we study the planning of
the network and the components needed in order to achieve it, which will eventually
give the overall cost.

There are several types of duplex GPON systems. Namely:

Type A: Consists of double optical fibers before and after the splitter for reliability. The
ONUs and OLTs are singular.

Type B: Consists of double OLTs and double optical fibers between the OLTs and the
optical splitter.

Type C: Consists of double number of OLTs, double fibers as well as double number of
ONUs.

Type D: It consists of the evolution of the three previous types in terms of reliability. It
allows the mixing of duplicated and non-duplicated ONUs [46].

We have investigated Type A — Fiber duplex system, since this topology and its
operation has similar performance characteristics in terms of reliability, with the other
three FTTH networks. More specifically the haul between the OLT and the end user
equipment can be recovered in the case of a fiber cut in all cases.

3.3.3  Hybrid Wavelength Division Multiplexing / Time Division Multiplexing
(TDM) PON

In this architecture several single A sources or a multi-wavelength source emit a number

of wavelengths which are routed throughout the access network. With several

techniques the WDM signals are de-multiplexed into a number of individual A channels.

Each of these channels, with the use of power splitters and TDM technology, serves a

number of subscribers according to the splitting ratio.
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The WDM/TDM PON investigated in this study is based on the Scalable
Advanced Ring-based Dense Architecture (SARDANA) [51]. SARDANA is engineered
to incorporate functionalities of metropolitan networks and furthermore its size and
limits make it an access-metro convergence solution. It is an architecture that aims at
enhancing the performance of PONs, by implementing a scalable access WDM/TDM
PON. It is based on a WDM ring for the transport of downstream and upstream
information and TDM trees. In the CO a stack of lasers is used to serve with different As
the different tree network segments on a TDM basis. Placed on the ring, passive RN
perform optical add and drop functions. With the use of filters, two wavelengths drop at
each RN. Each of the two dropped wavelengths is driven to independent TDM PON:Ss. It
is a flexible network, whose characteristics in terms of maximum distance, number of
wavelengths and splitting ratio can change according to the needs of the area that has to
be served. Nevertheless its design characteristics and attributes are thoroughly described
in the next chapter of the thesis. In this chapter, since we examine an urban deployment
scenario, we consider 32 wavelengths, 1:64 splitting ratio, 20km ring length, feeder
length —starting at the RN and ending at the splitter- up to 2.9 km and distribution along
with drop length equal to 0.1km. The number of end users per ring is therefore set to
2048.

3.3.4  Ethernet Point to Point (EP2P)

In a point to point network each user is connected by a dedicated fiber to the CO. A
router acts as central element, while the access switches transport the IP packets to the
end user. The customer premises equipment (CPE) translates the IP traffic into
application signals like Internet or telephony. As the network is scaled to more users,
the routing function is distributed over an array of interconnected routers. Eventually,
the routing function can be partitioned into two levels: a lower level with distribution
routers and a higher level with interconnection routers. The distribution routers
distribute the IP traffic to the various access switches, while the interconnection routers
enable the interconnection to the service providers [52].The distribution of IP traffic via
the Ethernet/IP network is based on standards. In this study the Fast Ethernet standard is
considered. Fast Ethernet defines a version of Ethernet with a nominal data rate of 100
Mb/s. 100 Megabit EthernetlOOBASE-BX [53] is a version of Fast Ethernet over a
single strand of optical fiber. Single-mode fiber is used, along with a special multiplexer
which splits the signal into transmit and receive wavelengths. Distances from the switch
can be 10, 20 or 40 km. In this work we have considered 20km.

3.35 Active Star

A Star architecture (also known as a Double Star) is an attempt to reduce the total
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amount of fiber deployed and hence lower costs by introducing feeder fiber sharing. In a
star architecture, a remote node is deployed between the CO and the subscriber’s
premises. Each OLT port and the feeder fiber between the CO and the remote node is
shared by anywhere from four to a thousand homes (the split ratio) via dedicated
distribution links from the remote node.

When the remote node contains active devices such as a multiplexer (or Ethernet
switch), the architecture is referred to as an Active Star as the remote node needs to be
powered. The Remote Node in the Active Star network has a multiplexer /
demultiplexer. The remote node switches the signal in the electrical domain (to the
intended recipient) and hence OEO conversions are necessary at the remote node. This
central device, routes all messages between devices. Since the feeder bandwidth is
shared among multiple end points, the maximum sustained capacity available to each
home — both upstream and downstream — is less with an active star architecture than
with Home Run fiber [38].

3.4 FTTH infrastructure cost considerations —components

3.4.1 Outside plant

One of the most important cost factors in the deployment of an optical network is the
outside plant equipment. For the calculation of capital expenditure (CAPEX) per user,
one must consider the actual deployment methods of a fiber network and the
components needed to create the infrastructure. To describe an FTTH infrastructure
network, it is essential to describe some of the basic equipment [54]. An FTTH network
normally forms part of an existing access network, connecting a large number of end
users back to a central point, the CO, or access node. Each CO contains the required
active transmission equipment used to provide the applications and services over optical
fiber to the subscriber. Explaining outwards from the CO towards the subscriber, the
key FTTH Infrastructure Elements needed are:

Central Office or Access Node

Feeder Cabling

Primary Fiber Concentration points (PCP)
Distribution Cabling

Secondary Fiber Concentration points (SCP)
Drop Cabling

Internal Cabling (in-house cabling)

The most conventional method to install underground cable, involves the
creation of a duct network to enable subsequent installation of cables by pulling,
blowing or using floatation techniques. This network comprises of a combination of
large main ducts that contain smaller subducts for individual cable installation Fig 3.2
b), (or in other cases large main ducts into which, cables are progressively pulled one
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over the other as the network grows Fig 3.2 a)) and furthermore small sub-ducts for the
installation of a single cable for the drop part of the network. The drop cables will
contain only 1 or 2 fibers for the connecting circuitry and possibly additional fibers for
backup. The drop cables are installed in special pavement trenches.

Mains Duct with cables overlaid Mains Duct with sub-duct

110mm Mains Duct 110mm Mains Duct
4 % 40/33mm Sub-duct

Fig. 3.2. a) section of duct with fiber cables, b) section of duct with subducts
and fiber cables (www.emtelle.com)

Summarizing the installation method, for underground networks the drop
cabling may be deployed within small ducts, within micro-ducts or by direct burial to
achieve a single dig and installation solution. In this study we consider the use of
microducts inside trenches. Additionally, we consider the blowing technique for
installation of cables in the combined network comprising of ducts/subducts and we do
not take into account in CAPEX calculations the inhouse cabling for it can take many
forms or be absent whatsoever. Below we mention the necessary main elements of the
network taken into account for the estimation of the total CAPEX.

Necessary main elements:

Trenches

Ducts and subducts
Fiber cables
Branching boxes
Splitters

Handholes — manholes
Y-branches

Feeder cables are large size optical cables, with a wide number of optical fibers.
The number of feeder fibers in point to point active deployments equals the number of
end users (total number of households in FTTH). In PONSs it equals the total number of
users divided by the splitting ratio. Thus the use of passive fiber splitting devices
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positioned as close as possible to the end user, enables the use of smaller fiber count
cables for the feeder part of the network, providing reduction of the costs.

The distribution fiber cables are used between the splitter or the branching boxes and
the Y branches. These are usually cables consisting of a low number of fibers. This
number depends on the deployment topology (usually based on the topology and
density of the premises deployment in an area, for instance the distribution of streets in
a rural location). Distribution cables are smaller in number of fibers, therefore in size,
than the feeder cables in standardized PONs, AONs and P2P deployment.

N =

-rk‘?-\ Example — Air Blown Unit Drop Cable

Fig. 3.3. a) feeder cables, b) distribution cables, c) drop cables
(www.emtelle.com)

Drop cables lay between the drop terminals (Y-branches in this case) and ONUs.
These are protected single or two fibers armored cables, one for each ONU. Each cable
is terminated with a special protected connector that withstands environmental
conditions. In Fig 3.3 feeder, distribution as well as drop cables are depicted.

3.4.2 Methodology of calculations (OSP)

For the calculations we have used parameters for typical deployment areas with
different densities. The number of buildings, namely multi-dwelling units (MDUs) and
single-dwelling units (SDUs), as well as the number of HH units are given or calculated.
Then the mean distance among buildings is estimated which is referred to as Inter
Building Spacing (IBS) [55]. IBS obviously depends on the HH/buildings density. A Y-
branch is being used to separate the individual drop cables from the distribution ones.
The splitters of PONs as well as the branching boxes of EP2P are placed inside
handholes/manholes every several buildings. The switches, are placed inside cabinets in
chosen crossroads. Those are the points where we have the transition from distribution
to feeder fibers as seen in Fig 3.4 and Fig 3.5.
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o i

— POP

Point of Presence
(POP)
24 way DB

Fig. 3.4. POPs, feeder cabling, distribution cabling, drop cabling and ducts with
subducts and fiber cables (www.emtelle.com)

The feeder fibers are launched from the OLTSs in the COs which are housed in
the points of presence (POPs). The CO is placed in the POP of the network which is a
building that houses all active transmission equipment. There, all fiber terminations are
managed and the interconnection between the optical fibers and the active equipment is
facilitated. The main network cables entering the node terminate and run to the active
equipment. The feeder cables also connect to the active equipment and run out of the
building and into the FTTH network area. Inside the CO, separate cabinets and
termination shelves may be considered for equipment and individual fiber management
to simplify fiber circuit maintenance as well as avoid accidental interference to sensitive
fiber circuits.

In the cases where the metro network is also considered (results, Fig 3.8.-3.11.)
we consider that the metro network is deployed in special trenches with low fiber count
cables. For the cases of GPON and WDM/TDM PON we consider that each CO/POP
will serve up to 100.000 users, while for the case of EP2P this number is appointed to
20.000 due to fiber handling constraints at the CO. By dividing the total number of the
users with 100.000 we reach to the final number of COs needed [56, 57].

For the calculation of OSP CAPEX per user, we consider:

The total length of the different types of trenches needed

The total length of the different types of ducts and sub-ducts needed

The total length of the different types of fiber cables needed

The total number of hand-holes / manholes & branch off closures needed
The total number of cabinets needed

The total number of y-branches needed
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The total number of the splitters needed
The total cost all the aforementioned components
The total cost for the installation of the several components

To evaluate the actual cost benefits, we performed a detailed techno-economic
calculation. For the estimation of the OSP CAPEX per user, for each FTTx network
architecture, we have considered the actual deployment methods of a fiber network and

Table 3.1.

OUTSIDE PLANT MATERIAL & INSTALLATION COST

Description Unit $
HDPE duct — (24 micro tubes) m 2.25
HDPE duct — (7 micro tubes) m 2.2
HDPE duct — (2 micro tubes) m 0.75
Manhole each 500
Handhole each 400
96 - fiber cable m 2.8
72 - fiber cable m 2.1
12 - fiber cable m 11
8 - fiber cable m 11
Microcable- 1f m 0.3
Y-Branch unit each 35
Trench | m 25
Trench 1l m 20
Microtrench | m 16
Microtrench Il m 14
Pavement trench m 35
HDPE duct in trench m 0.55
Cable in subduct m 0.45
Splicing each 5

the components needed to create the infrastructure as described in Outside Plant
Equipment section. To estimate the cost of the FTTN, FTTC and FTTB we assume that
the FTTx network forms part of an existing access network, connecting a large number
of end users to the CO. On the other hand for calculating the full CAPEX cost of the
three technologies (EP2P, GPON, and WDM/TDM PON) we consider metro-access
networks where EP2P and GPON form the access part, while on the WDM/TDM PON
the metro with the access parts are converged. As far as the FTTH infrastructure is
concerned, the cost of the OSP elements considered are namely: the metro and feeder
cabling, the PCP, the distribution cabling, the SCP and the drop cabling [54]. The
handholes or manholes that house the splitters, the branching boxes and the cabinets
that contain the switches are considered as the PCP and the SCP are the Y -branches that
help to disjoin the drop cables. Regarding the FTTx infrastructure, only the cost of the
fiber network deployment is considered along of course with the necessary OSP
additional material. Finally the cables installation, for the needs of the techno-economic
study, has been considered to take place with the blowing technique which is one of the
most cost effective ones. The cost estimations were based on individual components and
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civil work costs, as shown in Table 3.1., and were provided by a construction and a
telecom company.

Blowing equipment

0 distribution cable
o

feeder cable
—

Y-Branch Closure

Fig. 3.5. POPs, feeder cabling, distribution cabling, drop cabling , y-branch
closures and cabinets (www.emtelle.com)

The potential deployment area considered is a regular rectangular shaped typical
residential area with a mixture of MDUs and SDUs and with a varying density of HH
per km? The deployment considered, is based on the geographic model which can be
seen in Fig. 3.5 and which has been used in several other studies [55-60]. The feeder
part of the network is deployed in big trenches (trench 1) with a capacity of 8 subducts,
each containing 7 high fiber count cables, therefore 56 high-fiber-count cables, inside
sub-ducts for easy installation and replacement. The trench Il is a trench with capacity
of 6 subducts each containing 24 low-fiber-count cables, which have not been used in
this specific deployment. The use of this type of trench would be useful in scarcely
populated areas and the model can be very easily modified and adapted to the use of
trench I1. Nevertheless, the use of this trench is not suggested in densely populated areas,
where a larger number of users (subsequently — fibers) should be served by each trench.
The distribution part of the network is parceled according to the density of the area into
smaller ducts (microtrench I, Il) varying from 96 low-fiber-count cables (microtrench 1)
capacity to 48 low-fiber-count cables (microtrench I1). These are used between the
splitter and the Y-branches. The drop part is implemented within a pavement trench
with higher cost due to the high restoration cost, by microducts containing 1, 2, 8 or 12
fiber cables. For the estimation of CAPEX per user and as far as the OSP is concerned,
we consider the total length of the different types of trenches, ducts, subducts and fiber
cables, the total number of handholes/manholes, splitters and Y-branches needed, their
total cost and the cost of their installation.
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el used for the calculation of the outside plant cost [60]

The IBS, thus the mean distance among buildings, appearing in Fig 3.6 is
calculated by considering the area under investigation rectangular with a length o.

_ [ar2
'BS—\/ /buildings| Eg.3.1

The PCPs are placed in crossroads. The choice of the crossroads depends on the
building density and it is made on such a way that every street is served by a single duct.
What appears as a double line in each street are the fibers serving the building,
nevertheless all the cables are placed in a duct placed on one side of the street. Vertical
lines are considered to serve the buildings on the opposite side. The distance among the
COs (A+B) is set to two times the maximum reach of each technology.

A + B = 2xreach mx Eqg. 3.2

3.4.3 Methodology of calculations (Active equipment)

The active equipment cost calculation includes the cost of the OLTs and their individual
parts, the cost of the ONUs and their parts, as well as the cost of the routers and
switches placed in the field for EP2P. For the case of WDM/TDM PON we include also
the cost of the RNs —even though they don’t include any active elements- which are new
components introduced in this novel architecture. Every RN cost is shared by two PON
trees, since two wavelengths are dropped/added in each one of them. The use of a single
wavelength per tree is exploited by the reflective semiconductor optical amplifier in the
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ONU, which reflects, amplifies and remodulates the signal, offering a low cost solution.
Since the prices for the new components are not available, estimation was made, based
on existing prices for the individual parts and the overall costs were extrapolated in time.

3.4.4 Results

The application of the techno-economic model/methodology for the various cases of
FTTx architectures revealed the results presented in Fig 3.7 in terms of the OSP costs.
In the case of FTTx, we do not consider that the same bandwidth is delivered to each
end user. Further more, as mentioned already, only the estimation of the fiber
infrastructure cost is taking place. The copper cables are considered to be already
deployed (brownfield deployment); therefore their cost is not included in the
calculations. It is shown that there is a significant cost difference among the different
FTTx architectures which is due to the difference on the distance among the end point
of the infrastructure and the customer. FTTN appears to be the cheapest solution, while
FTTB the most costly one. This explains the fact that the incumbent operators are
mainly deploying xDSL since they own the already deployed copper part of the network.
Of course in FTTx cases examined, the cost savings are translated in degradation of the
services offered due to the narrow bandwidth and high crosstalks.

Comparative Infrastructure Costs
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Fig. 3.7. Comparative OSP infrastructure costs for FTTx architectures, where X
stands for Building, Curb and Node [60]
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When EP2P, GPON and WDM/TDM PON are compared in terms of cost, the
cost for both the OSP and the active equipment is estimated for each of the three
architectures and the results are shown in Fig 3.8. and 3.9. respectively. The overall cost
comparison is shown in Fig.3.10. As one can observe, there is a reduction in the range
of 20% in CAPEX/user when the metro & GPON solution is compared to the metro &
EP2P network, while there is a reduction in the range of 40% when WDM/TDM PON is
compared to the last one. When WDM/TDM PON is compared to GPON the decrease is
approximately 20%. All these results are shown in Fig.3.11. As can be observed the
OSP cost is higher for EP2P which is expected due to its intrinsic characteristic of a
dedicated fiber per customer. This leads to a higher number of cables, ducts and
subducts as well as larger and more costly trenches. Furthermore it requires the use of
more and larger COs which nevertheless are not included in the CAPEX estimation.
The GPON CAPEX/user is larger than in the case of WDM/TDM PON, since a smaller
maximum reach as well as a smaller splitting ratio is required in order to achieve the
same bandwidth.

OSP cost
3500
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Fig. 3.8. OSP equipment CAPEX/user vs. HH density [59]
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The active equipment per user is smaller in the case of EP2P, since there is an almost
fixed ratio between the number of users a router and a switch can serve, therefore on the
price corresponding to each user. Furthermore the cost of the active solution is as
expected about 20% larger than the solution of PON. We observe, that the hybrid

Active equipmentcost
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Fig. 3.9. Active equipment CAPEX/user vs. HH density [59]
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Fig. 3.10. Overall CAPEX/user vs. HH density [59]

solution of WDM/TDM PON that SARDANA offers in combination with the
granularity and the design flexibility introduced, can provide a solution of €2300 for the
lower density considered, which is 450 HH/km? and less for every other larger density.
Moreover even though in this study it has not been considered, one should take into
account that PONSs are “green solutions” meaning they provide cost savings in OPEX.
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Fig. 3.11. Cost comparison vs. HH density [59]

Fig. 3.12 gives a perspective on the OSP cost difference among the different
technologies used in FTTH architecture.

It is evident that the most cost saving technology in terms of OSP cost is the
WDM/TDM PON. The reason for that is the efficient use of the fiber resources, in the
largest part of the network. The feeder and the distribution part, is shared among a much
larger number of end-users than in any other technology. The cost difference among the
active star and GPON is due to the fact that the PCP (switch) in the case of Active star
because of its ability to serve a higher number of end users, is placed much further from
the customer than the equivalent (splitter) in the case of GPON, which is translated into
larger length of distribution network, therefore larger quantity of material is needed in
the first case. The reason of the cost efficiency of GPON over EP2P in terms of OSP is
evident and consists of the larger number of fibers needed which translates to larger
trenches needing larger ducts.
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Fig. 3.12. Comparative OSP infrastructure costs for FTTH architectures with
different technologies, namely EP2P, GPON, Active star and WDM/TDM PON
[60]



Chapter IV

SARDANA and challenges of
long reach and enhanced
PONs

This chapter is focused on the presentation of SARDANA design. SARDANA as
mentioned in chapter | stands for Scalable Advanced Ring-based Dense Access
Network Architecture and it is an FP7 STREP project, implementing an elaborate
design of a converged access-metro optical network. Its target is to enhance dense
Passive Fibre-to-the-Home networks. After a short presentation of SARDANA and its
most important aspects and components, we expose the basic challenges of long reach
and enhanced PONs. Finally, we suggest a number of ways for overcoming these
challenges, which have actually been the core of this thesis work.

4.1 SARDANA

Scalable Advanced Ring-based Dense Access Network Architecture is a WDM/TDM
PON whose concept was conceived, in an effort to solve the problem of continuously
increasing request for bandwidth, via an environmental friendly and cost effective way.
It is considered an environmental friendly solution, since it is fully passive, and cost
efficient, since it can reach 100km (in case of resiliency / fiber cut ) while serving a
large number of end users, with symmetric bandwidth of several hundred of Mbit/s per
user. Additionally, the fact that it consists of a fully passive solution -in other words it
uses no active equipment on the field- renders to it the advantage of low operational
expenditures. This network combines the WDM and the TDM dimensions to expand
traditional PON limits. It comprises of a scalable and extended access WDM/TDM
PON, formed in a double fiber ring and secondary single fiber trees.

47
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Fig. 4.1 SARDANA design

Its architecture is based on a double WDM ring for the transport of the large
amount of downstream and upstream information (up to 1.2Thit/s if using 64
wavelengths for 2000 users) and TDM trees, transmitting up to 3 wavelengths from
corresponding operators, sharing a common infrastructure. The WDM ring is
implemented by a double-fibre ring for resiliency and potentially reducing to a single-
fibre ring after further evolution of user equipment. One ring is dedicated to the
transmission of downstream signals and the other to the transmission of the upstream
ones. The transmission of both down- and up-stream signals is bi-directional. The
reason for this design is that in case of a fiber cut the network can be configured on the
opposite direction. The ring carrying the upstream signals, is used for the transmission
of another signal which is emitted from the OLT and counter propagates with the
upstream signals, which originate from the ONUs. This signal is single wavelength and
it is used as the optical pump for the EDFAs that are placed in the RN along the ring.
Part of the signal is dropped at each RN to be used for the amplification of both
upstream and downstream signals. On the other hand, the counter propagation of the
optical pump with the upstream signals makes it possible to take advantage of the
stimulated Raman scattering to amplify the upstream signals. Finally, the TDM trees are
implemented with the use of single fiber.

The passive RNs that are placed along the WDM fiber ring, implement
cascadable 2-to-1 fibre optical add and drop functions by means of athermal splitters
and fixed filters that distribute different wavelengths to each of the access trees. The
combination of splitters and filters selects two wavelengths and distributes them to two
independent single fiber trees per RN [1]. The trees’ splitting ratio can vary according to
the needs of the network in terms of number of users. Proposed splitting ratios for an
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urban deployment are 1:32, 1:64, 1:128, so the variation of served users is flexible, but
its increase is achieved in expense of additional losses. Remote amplification is
introduced at the RN by means of EDFs to compensate add/drop losses; optical pump
for the remote amplification is provided by pumping lasers located at the CO, also
providing extra Raman gain along the ring. RN evolves providing higher performances,
and this is one of the subjects dealt with in this thesis.

Subsequently, two TDM trees are —usually- connected to each RN for PB
optimization. The number of users served by the network is: Users = 2RN *K , where
K = 1/splitting ratio. The athermal filters included in the RNs distribute different
wavelengths to each of the TDM trees and EDFs provide the necessary gain to
compensate link losses, with the use of remote pumping from lasers located at the CO.
The RNs, with reduced footprint, do not require any environmentally-controlled
location.

The CO (OLT) uses a stack of lasers to serve the different tree network segments
on a TDM basis, using standard G/E-PON equipment adequately adapted to
SARDANA. WDM is used for wavelength routing at the central ring, while TDM uses
DBA techniques to have an optimum use of the bandwidth resource at the access trees.
The CO centralizes the light generation for the whole network and its control both for
down-stream and for up-stream transmissions. The laser providing the pump signal is
collocated with the OLT [1]. The CO is used to house all the active components of the
network and therefore SARDANA can be characterized as a fully passive architecture.

At the other end, the user equipment (ONU) is colourless and maximally
simplified, implemented with an integrated reflective semiconductor device
(RSOA+EAM) for up-stream remodulation, on the same fibre and on the same
wavelength.

Common shared infrastructure and multi-operability are provided as well. On
one hand, different operators can be serving different TDM tree, sharing the same ring
and CO infrastructure. On the other hand, a higher level of multioperability can be also
implemented at the TDM trees level. Service overlay from different operators at
different wavelengths (Fig. 4.1) is also implemented by using evolved designs of RN,
allowing to the users to select service provider by using pluggable filters at the input of
their user's equipment (Fig. 4.1).

Overall this design focuses on long reach and increased end-user number, while
providing high bit rate connectivity. In next generation passive optical networks, longer
reach can be achieved with the use of some form of optical amplification. Amplification
can of course be attained by the use of distributed EDFAs, but then the network can no
longer be characterized as passive. In order to further reduce the cost of the network and
simplify its operation, there is a need for optimization, both in the architecture and the
technology used.
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4.2 Main limitations in SARDANA and long reach-enhanced
PONs

The phenomena that are most often met in research papers referring to long reach and
enhanced PONs are namely: signal attenuation, chromatic dispersion and non linear
effects. These are the main limitations in PONs nowadays and these are the problems
which researchers are called to address.

According to the definition given, attenuation is reduction of the signal strength
during transmission. Attenuation is an important consideration in the design of an
optical communication system, since it plays a major role in determining the maximum
transmission distance between a transmitter and a receiver or an in-line amplifier. The
basic attenuation mechanisms in a fiber are absorption, scattering and radiative losses of
the optical energy. Absorption is related to the fiber material, whereas scattering is
associated both with the fiber material and with structural imperfections in the optical
waveguide [61].

Chromatic dispersion is the term given to the phenomenon by which, different
spectral components of a pulse travel at different velocities. It is considered an
important linear distortion that affects the performance of optical systems leading to
pulse spreading and the so-called inter symbol interference (IS1). Chromatic dispersion
has two main components. The first one, material dispersion, appears due to the fact that
the refractive index of silica is frequency dependent. Thus, different frequency
components travel at different speeds in silica [62]. The second one, waveguide
dispersion occurs because a single mode fiber confines only about 80% of the optical
power to the core. Dispersion thus arises, since the 20% of the light propagating in the
cladding, travels faster than the light confined to the core. The amount of waveguide
dispersion depends on the fiber design, since the modal propagation constant g is a
function of a/1 (the optical fiber dimension relative to the wavelength 4, here, « is the
core radius).

As far as non-linear effects are concerned, they fall into two categories: non-
parametric and parametric ones. The ones belonging to the first category, arise due to
the interaction of light waves with photons (molecular vibrations) in the silica medium.
The two main effects in this category are stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS).

The second set of non linear effects arises due to the dependence of the
refractive index on the intensity of the applied electric field, which in turn is
proportional to the square of the field amplitude. The most important non linear effects
in this category are self phase modulation (SPM) and four-wave mixing (FWM) [63].
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4.3 Solutions on the main limitations of long reach/enhanced
PONs

The suggested solutions for overcoming limitations in a fully passive optical network
infrastructure are the results of a combination of two requirements. The first is to fight
the challenges presenting themselves in optical networks due to natural phenomena,
with the effective use of other phenomena, without the use of electro-optical conversion
and the second to avoid the use of any active equipment whatsoever in the field.
Nevertheless, electronic devices have been suggested for use in the ONU. Below we
present four of these suggested solutions which will be further investigated in the next
chapters of the thesis.

4.3.1  Amplification

In order to preserve the passiveness of an optical network, two solutions have been
suggested, that are based purely on qualities of the material used in optical networks and
to their interaction with light.

The first is amplification with the use of Erbium Doped Fibers. Er*" as will be
explained on the next chapter are risen with the help of optical pumping, in other words
with the help of photons, from their ground state into excited states. This requires three
energy levels. The top one to which the electron is elevated should lie energetically
above the desired lasing level. After reaching its excited state, the electron must release
some of its energy and drop to the desired lasing level. From this level, a signal photon
can then trigger it into stimulated emission, whereby it releases its remaining energy in
the form of a new photon with a wavelength identical to that of the signal photon. Since
the pump photon must have a higher energy than the signal photon, the pump
wavelength is shorter than the signal wavelength [64]. This attribute is successfully used
in passive optical networks for amplification that avoids electro-optic conversion.

Raman amplification is based on a non-linear effect, the so-called stimulated
Raman scattering, that in some cases, as for example WDM transmission, could be
harmful for the quality of the signals, but could also be beneficial when used for
providing amplification. In this case study SRS has been used as an amplification
mechanism. The phenomena behind Raman amplification is that if two or more signals
at different wavelengths are injected into a fiber, SRS causes power to be transferred
from the lower-wavelength channels to the higher-wavelength channels. The energy of a
photon at a wavelength 1 is given by Ac¢/ 1, where h is Planck’s constant. Thus a photon
of lower A has a higher energy. So the transfer of energy from a signal of lower
wavelength to a signal of higher energy corresponds to emission of photons of lower
energy caused by photons of higher energy [65]. Therefore in this case, with the use of
an auxiliary wavelength (used also as pump signal for EDFAs) we use SRS to our
benefit.
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Since we want to preserve the full passiveness of the design, remote pumping
has been introduced. Nevertheless, attenuation and dispersion degrade the efficacy of
optical pump and of course, cost efficiency, safety regulations and non-linear effects do
not allow for unlimited pump power use.

4.3.2 Compensation techniques
4.3.2.1 Dispersion compensation fibers

Chromatic dispersion can be effectively compensated by using optical techniques,
which is only natural to expect, given that chromatic dispersion originates in the optical
domain. Special chromatic dispersion compensating fibers (DCFs) have been developed
that provide negative chromatic dispersion in the 1550nm wavelength range. Some of
the typical values where DCFs can provide total chromatic dispersion are between -340
and -1360ps/nm and these modules are commercially available. DCFs can be used as
pre-compensators when located after an optical amplifier and before the transmission
fiber. They are characterised as post-compensators when they are placed after the
transmission fiber and before the optical amplifier. Their characteristics are
concentrated in plots called dispersion maps. More specifically in a dispersion map one
can find the accumulated dispersion and the power level as functions of the distance
along the fiber. Their use in the OLT, allows for a simultaneous dispersion pre-
compensation of all the WDM signals.

4.3.2.2 Equalization

An optical system, such as a laser, fiber and photo detector constitute a channel over
which the signal is being transmitted, if non linearities are ignored, the main distortion
caused by this channel is the dispersion —induced broadening of the pulse. Dispersion is
a linear effect, and hence the effect of the channel on the pulse, due to dispersion, can be
modelled by the response of a filter with transfer function Hp(f). Therefore, in principle,
by using the inverse of this filter, say H™p(f)as the equalization filter, this effect can be
cancelled completely at the receiver. This is what an equalization filter is trying to
accomplish. On the other hand, for conventional direct detection RXs, the linear
distortion that is induced by CD in the optical domain is transformed into a nonlinear
distortion in the electrical signal, which explains why only limited performance
improvements can be achieved by using a linear baseband equalizer with only one
baseband received signal. This also explains why nonlinear techniques, such as Non —
linear Decision Feedback Equalization (DFE) and Maximum Likelihood Sequence
Estimation (MLSD), are more effective in combating CD in direct detection RXs, [66-
68].

A commonly used filter structure for equalization is shown in Fig. 4.3. This filter
structure is called a transversal filter. It is essentially a tapped delay line: the signal is
delayed by various amounts and added together with individual weights. The choice of

the weights, together with the delays, determines the transfer function of the



53 Chapter 1V Challenges

equalization filter. The weights of the tapped delay line have to be adjusted to provide
the best possible cancellation of the dispersion-induced pulse broadening.

Electronic equalization involves a significant amount of processing that is
difficult to do at higher bit rates, such as 10 Gb/s. Nevertheless, we have used it quite
successfully. Following we see some models of optical electronic equalizers in more
detail.

yik)

Fig. 4.3. Optical electronic equalizer (Feedback Forward Equalizer)

There are three main architectures for electrical channel equalizer (ECE). The
most basic scheme is the feed-forward equalizer (FFE) (Fig. 4.3). In this set-up, a finite-
impulse-response (FIR) filter is added to the transmission line after the optical-to-
electrical conversion. The filter has several stages, each consisting of a delay element, a
multiplier and an adder. After every delay element, an image of the non-delayed input is
multiplied with a coefficient and added to the signal. The number of filter stages used
and the coefficients chosen are crucial for effective dispersion cancellation. Automatic
control of the filter coefficients is essential.

The filters can be designed based on prior information and kept fixed in the RX
(the RX filter used after detection to suppress the out of band noise is a typical example),
or they can be adaptive, and designed each time a connection is established, and are
called adaptive regardless of the computation mechanism used for determining their
coefficients, i.e., adaptively or not. When the distortion is time varying the coefficients
need to be recomputed at given time intervals or continuously adapted to track the
variations in the channel. The most common linear filter structure is the feed-forward
(tapped-delay line) structure and can be implemented either in continuous or discrete
time (Fig 4.4).

It produces, as mentioned already, an output equal to the sum of weighted
combination of different delayed signals. The coefficients of the filter are computed by
optimizing a suitably chosen metric. The minimum mean squared error (MMSE) and
the least squares (LS) are the most commonly used two criteria. MMSE filter
coefficients are given by the Wiener-Hopf equations and can be adaptively estimated
using gradient optimization, and the LS weights, using recursive estimates of the input
correlation matrix based on the zero-forcing (ZF) algorithm. Least Mean Squares (LMS)
algorithm uses an instantaneous estimate of the statistics required for the gradient
updates of the Wiener-Hopf solution, and is a simple and effective solution that has
been successfully used in most adaptive filtering applications to date.
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Fig. 4.4. Block diagram of the Decision- feedback equalizer (DFE)
structure

A second approach is the decision-feedback equalizer (DFE) (Fig. 4.4, 4.5). This
structure is an FFE with a second FIR filter added to form a feedback loop. Again, the
coefficients of both filters require active control. Today's integration levels permit either
FFE or DFE to be built into a clock-data recovery or demultiplexer chip with an extra
power requirement of about 500 mW. The tap coefficients of the filter are calculated
and are always adjusted in an adaptive operation according to an algorithm that runs in
parallel with the purpose to minimize the error. The type of the algorithm and more
significantly the way that this algorithm is optimized are particularly important in order
to minimize the error and enhance the transmission properties of the system. The
general operating modes of the adaptive equalizer include training and decision mode.
During the training mode the algorithm adjusts to the channel characteristics and
calculates the filter taps to compensate for the introduced impairments. In the decision
mode, small variations in the taps allows for the compensation of the time varying
effects of the channel. The most common algorithm that is used in order to calculate the
taps is the LMS. The goal of that algorithm is to minimize the MSE between the desired
equalizer output and the actual equalizer output. It is controlled by the error signal
which is derived by the output of the equalizer with some other signal which is the
replica of transmitted signal. The DFE version of the equalizer is a non- linear process
that uses the same algorithm but it subtracts the interference by the already detected data
offering advanced performance characteristics.

DFEs have long been used in digital communication systems. In channels with
high ISI they outperform linear equalizers such as the ZF or MMSE equalizers. A DFE
is a nonlinear equalizer that employs previous decisions to eliminate the ISI caused by
previously detected symbols on the current symbol to be detected. A simple block
diagram for a DFE is shown in Fig. 4.5.
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Fig. 4.5. Block diagram of the Decision Feedback Equalizer (DFE).

The DFE consists of two filters. The first filter is a feed-forward filter, identical in form
to the linear equalizer described above. It is generally a fractionally spaced FIR filter,
meaning that the tap spacing must be smaller than the symbol interval, with adjustable
tap coefficients. Its input is the received filtered signal sampled at some rate that is a
multiple of the symbol rate. The second filter is a feedback filter. It is implemented as
an FIR filter with symbol-spaced taps having adjustable coefficients. Its input is the set
of previously detected symbols. The output of the feedback filter is subtracted from the
output of the feed-forward filter to form the input to the detector. The detector
determines which of the possible transmitted symbols is closest in distance to the input
signal. What makes the DFE nonlinear is the nonlinear characteristic of the detector that
provides the input to the feedback filter. The tap coefficients of the feed-forward and
feedback filters are selected to optimize some desired performance measure. For
mathematical simplicity, the MSE criterion is usually applied, and a stochastic gradient
algorithm is commonly used to implement an adaptive DFE.

The most sophisticated structure is the maximum-likelihood (sequence) detector
(MLD/MLSD) (Fig. 4.6). This is effectively a digital signal processor that performs the
necessary mathematical operations on the incoming data stream to reconstruct the
transmitted signal. More specifically, an MLSE receiver compares a long section of the
noisy received signal with all the possible waveforms of the same length that could be
received and chooses the one that is “closer” to the received. The drawback of this
method is that it needs the signal to be in digitized form at the input, which requires an
analogue-to-digital converter running at full line rate and at a high resolution. MLSE
estimates the channel and decides the most likely sequence sent at the transmitter based
on the received signal. MLSE is a Viterbi decoder. It has two parts: channel estimation
(I1SI estimation) and decoding. Decoding complexity of MLSE is the same as the Viterbi
decoders. Channel estimation can be thought as the encoder that encodes the original
signal with the weighted neighboring bit values. Due to encoders' nature, the channel is
assumed to be linear. If the channel is time varying, then the estimation should be able
to track the changes. MLSE also requires soft decisions for decoding to maximize the
gain. This is analogous to hard and soft decision Viterbi decoding performance
difference. The effectiveness of MLSE in the compensation of the chromatic dispersion
may extend into several hundred kilometre range, but at such long range, the complexity
of the MLSE processor is very large. It is important to examine and optimize the
effectiveness of MLSE equalization and provide techniques to reduce complexity
without impacting performance.

As indicated already, digital equalizers based on MLSE are regarded as most
efficient electronic equalization leading to lowest penalties (Fig 4.6). In difference to
simple RXs, where each bit is decided immediately, in a MLSE the decision is
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performed by calculating the transmitted bitstream with the highest probability. That
means, that the probability for all bit combinations for the whole sequence is considered
and the combination with highest probability is assumed as the transmitted bit
combination. The overall probability of a transmitted bit combination is given by the
product of all single bit probabilities. Instead of probability its logarithmic value is used
and all separated logarithmic probabilities can be added, which is easier for hardware
realization.
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Fig. 4.6. Viterbi Equalizer based on MLSE

The signal distortion within an optical channel can be assumed as coding of signal,
which is very similar to convolutional codes. The Viterbi algorithm was originally
devised for decoding convolutional codes, and thus can be implemented as a realization
of the MLSE.

The reason for the limited performance of electronic dispersion compensation (EDC) on
CD mitigation in optical communication is due to the nonlinear characteristics of the
absolute square operation of DD. In [69] a nonlinear electrical equalizer based on
Volterra theory to mitigate this kind of nonlinear ISI is proposed. For illustration, the
advanced equalization scheme or Nonlinear DF Equalizer setup is shown in Fig 4.7. The
NL-DFE can be considered as the extension of a normal DFE including the nonlinear
ISI mitigation. NL-DFE outperforms normal DFE and VE.
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Fig. 4.7. Setup of NL-DFE: nonlinear part of setup marked with
dashed boxes.
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However, in this thesis the equalizers that will be used are FFE and DFE.

4.3.2.3 Reduced OLT power

The non linear effects cannot be faced at their root, so the best suggested solution is the
decrease of the output power at the OLT. In the case of the aforementioned design, the
decrease of the power also applies for the optical pump which in this case creates a
constraint on the amplification possible in each RN, proportional to the distance of the
RN from the OLT. Moreover, safety regulations do not allow for use of power above a
certain threshold.



Chapter V
In line amplification

In this chapter we present a design of a WDM/TDM PON with remotely pumped EDFs
to be used for amplification. The theoretical background on Erbium Doped fibers is
described, as well as their use in signal amplification. Next, we examine the wavelength
dependency of the gain in erbium doped amplifiers, which proves to be a very important
factor in the design of the aforementioned WDM/TDM PON. Subsequently a theoretical
approach of the in-line amplification takes place. Continuing, we expose the effect of
noise figure in Optical Signal to Noise Ratio (OSNR) when a number of cascaded RNs
placed in-line with the transmission path of the signal and the one subsequent to the
other is used, as amplification approach to a WDM/TDM PON. Some design issues on
in-line amplification are exposed with more important the wavelength allocation of the
network; and finally, the simulation results of a special WDM/TDM PON operating
with the help of in-line amplification are presented commented and evaluated.

5.1 Erbium Doped Fiber Amplifiers

Fig. 5.1. The three level system used for the amplifier model [71]

5.1.1 Basics

The most usual way to model the physics of an Erbium Doped Fiber Amplifier is to use
a three-level atomic system. Therefore we consider a three level system as depicted in
Fig. 5.1.

As one can see the ground state is depicted as 1, the intermediate state into
which energy is pumped is labelled 3 and state 2 is the basic excited state. If state 2 has

58
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a long lifetime (which as will be proven consequently is a characteristic of a good
amplifier) it is referred to as metastable level. State 2 is the upper level of the
amplifying transition and state 1 is the lower level. The populations of levels 1, 2 and 3
are named Nj, N2 and N3 correspondingly. In order to have amplification we need to
have population inversion among states 1 and 2 and of course since state 1 is the ground
state the number of the excited photons (belonging to state 2) need to be at least half in
number of the total population of erbium ions. That means we need a rather high
threshold pump power for achieving amplification.

Let us consider that the transmission of light in a fiber is a one dimensional
problem and that the pump and signal intensities as well as the erbium distribution are
constant in the transverse dimensions over an effective cross-sectional area of the fiber.
The incident light intensity flux at the frequency corresponding to the 1 to 3 transition is
denoted by ¢, and corresponds to the pump. The incident flux at the frequency
corresponding to the 1 to 2 transition is denoted by @sand corresponds to the signal field.
There are numerous reasons that cause change in population for each level, such as
absorption of photons from the incident light field and spontaneous and stimulated
emission. We denote as I's; the transition probability from level 3 to level 2, which is
mostly non-radiative and I'y; the transition probability from level 2 to level 1 which in
the case of Er** is mostly due to radiative transitions. We denote the absorption cross
section for the 1 to 3 transition by o, and the emission cross section for the 2 to 1
transition by o,

The rate equations for the population changes are written as:

dd'\t'?’ = —T"s2Ns + (N1 — Na)gror Eq. 5.1
dN:

gt = —F21N2+F32N3—(N2—N1)@OS Eqg.5.2
dN1
e =T21N2— (Nl— Ns) gror+(N2—Ni) gsos Eqg.5.3

In a steady state situation, the time derivatives will all be zero

leZszszszo Eq. 5.4
dt dt dt

and the total population N is given by
N = N1+ N2+ N3 Eq. 5.5

Using equation 5.1 we can write the population of level 3 as
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1
Ne= —1+1"% Ni Eq. 5.6
¢p0p

When I's» is large compared to the effective pump rate into level 3, ¢y0p, N3 is very close
to zero, so that the population is mostly in levels 1 and 2. Substituting N3 in equation 2
with the use of equation 5.6 we obtain:

. (¢p0%32)+¢505 .

I+ ¢SGS

Eq.5.7

1

We then use equation 5.5 to derive the populations N; and N, and the population
inversion N, —Nj.

PvOp— I

N:—N.= N Eq.5.8

FZl + 2¢SGS + 2¢p6p

The condition for population inversion, and thus for gain on the 2 to 1 transition, is that
N2>N;. The threshold corresponds to N; = N, and results in the following expression for
the pump flux required:

I 1

On=——=
Gp TZGp

Eq. 5.9

In a situation where the signal intensity is very small and the decay rate is '3y is large
compared to the transition rate induced by the pump field, yo, , We can thus write the
population inversion as:

N:-N:. ¢'s-1
=— Eq. 5.10
N @'+l
Where
@P'p = Eg. 5.11
@rh

The plot of equation 10 can be shown in Fig. 5.2. Below the pump threshold the
inversion is negative; above the pump threshold it is positive. When the inversion is
negative, there are more absorptive transitions then emissive transitions at the signal
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wavelength, and the signal sees negative gain, i.e. attenuation. Conversely when the
inversion is positive, the signal experiences positive gain as it traverses the excited
medium.

The pump intensity, in units of energy per unit area per unit time, is expressed as

I, = hvp.@p. The threshold pump intensity is then given very simply by the expression:

thFZl th
lo = = Eq.5.12
O-p GpTZ
This equation is intuitively easy to understand. The higher o, is, the higher the
probability that a pump photon is absorbed, which lowers the number of pump photons

necessary to guarantee that enough are absorbed to reach threshold. In addition, the
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Fig. 5.2. Fractional population inversion (N2-N1)/N in a three level system [71]

longer 1 is, the longer the energy stays in the reservoir formed by level 2, and as a
result less pump photons are needed per unit time to keep energy in level 2. The
conditions for low pump threshold are thus easily summarized as:

e High absorption cross section

e Long lifetime of the metastable level
For a given pump power , to obtain the maximum amount of gain for a given erbium
concentration in the fiber core, the fiber length should be increased to the point at which
the pump power becomes equal to the intrinsic pump threshold. For axial points z,
along the length of the fiber, prior to that point the gain is positive, after that point the
gain is negative, and so the fiber should be terminated at the point where the pump
power has decreased to the threshold level. This determines the optimal length of the
fiber.
We now consider N, N;, N2, N3 as densities of population in unit of number of ions per
unit volume. Two light fields travel through the medium, interacting with the ions, and
have intensities Is (signal field) and I, (pump field). The photon fluxes are given by:

L
hv;
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and
J— Ip
hv,

Po Eq.5.14

The propagation of the signal when treated along a single direction z (the axis of the
fiber) is a one dimensional problem, which is a simplification of the three-dimensional
character of the erbium ion distribution in the fiber core and of the light modes.

The light field intensities are derived from the light field powers by the following
simplified relationship:

1(2) = P(z2)l

eff

Where T is the overlap factor, representing the overlap between the erbium ions and the
mode of the light field, and A is the effective cross-sectional area of the distribution of
erbium ions. Expression 5.15 states that the intensity of the field at a point z will be
taken to its cross-sectional average, computed as the amount of the power travelling
through the erbium —doped region of the fiber, divided by its cross-sectional area.
Assuming in the following discussion that both pump and signal beans are propagating
in the same direction, i.e., a co-propagating configuration as opposed to a counter-
propagating, the following take place. The fields will be attenuated or amplified after an
infinitesimal length dz by the combined effects of absorption arising from ions in their
ground state (N;) and stimulated emission from ions in the excited state (N, and N3).

Eg. 5.15

dos _ (N.— N)op. Eq. 5.16
dz

d(Dp _

—— =(N:—Ni)owp, Eq. 5.17
dz

This leads after some calculations, to the following equation for the signal intensity
growth or decay:

oplp

dl —— Tz
—S = th O'slsN Eq. 5.18
dz Fa1+2 osls @
hvs th
We can write an equation for the attenuation of the pump intensity as
osls
dl I'a+ hv.
ar oplpN Eq. 5.19
dz Fa+2 osls @
hvs Vp

From equation 5.18, it is clear that the condition for gain for the signal field is that
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th
|p > |th =

Eq. 5.20
OpT2

where we again used I';;=1/t, and |y, is the pump threshold intensity for gain at the
signal wavelength. This is equivalent to the condition derived above for population
inversion. We can write the equations in a somewhat simpler fashion by defining the
intensities in units of the pump threshold. These normalised intensities are given by

lp

| =— Eq. 5.21
lth
and
S F
I's=— Eq. 5.22
lth
We further define the quantity n as
th Os
- P Eqg. 5.23
g hvs Op a
and the saturation intensity ls(z) as
1+ 17p(z
lsat(Z) = 1+176(2) Eq. 5.24
2n

We can write the propagation equations for the normalized intensities as

ars(z) _ L 1(2)-1 ol (z)N Eq. 5.25
dz 1+|,s(Z)/|sat(Z) |,p(Z)+1 o

and for the pump

dllp(Z) . 1+77|,S(Z)

dz 1+2n1°s(z) + 1"p(2)
Equations 5.25 and 5.26 determine the behaviour of erbium-doped fiber amplifiers, at
the simplest level. The signal propagation equation will lead to gain only if 1, > Ii,. This
is the expected threshold condition. When the pump intensity is less than the threshold,
the signal is attenuated; when it is larger the signal is amplified. Under the conditions of
small signal gain, where 1's << lg (this condition is satisfied when the signal is weak
and the pump is strong) and assuming for simplicity that the pump is constant as a
function of z (the fiber in uniformly inverted), the signal propagation equation is easily
integrated to yield the signal as a function of position along the fiber:

Gpllp(Z)N Eq. 5.26

1's(2) = 1"s(0) exp(apz) Eq. 5.27
where we defined the gain coefficient a,

I"'p—1
ap=—"0csN Eq. 5.28

|,p+1
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The signal grows exponentially, with a co-efficient proportional to the signal emission
cross section and the degree of population inversion. The latter is determined by the
pump intensity relative to threshold. When the pump intensity is very strong and several
times the threshold, such that the erbium ions are all inverted, the gain coefficient
becomes approximately [71]

ap = osN Eqg. 5.29
From eq. 5.29 it is obvious that the gain of the EDFA is wavelength depended.

5.1.2 Gain wavelength dependency

The wavelength dependency of the gain can be further described by the black
box model of the EDFA [72] presented in [73], according to which, the gain
characteristic G®®(L) of the amplifier, expressed in dBs, can be described as:
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Fig. 5.3. Values of the tilt curve T(A, Ars) for different lengths of the EDF HE980
for a pumping wavelength of 1480nm. The reference wavelength is
Aret =1543.73nm, Pp=12 dBm and Pin=0 and -10 dBm for each EDF length

G®(A) =T (A Aret) - G* (Arer ) =G ® (Arer ) [+ G (1) Eg. 5.30

With At is a reference wavelength and Gre™® (Arer) and Grer™™ (M) are, respectively, a
reference signal gain at A.s and a signal gain spectrum, at reference signal and pump
input powers.

Finally, T(A, L) is the named tilt function that can be experimentally measured from
two gain spectrums measured at different saturation conditions, G:“®(A) and G,"())
without any knowledge about internal detail of the amplifier

L G®(1)-G®(2)  a(A)+r(A)
T(l’ ﬂ’ref) B GldB (ﬂref ) —szB (/Iref) - a(ﬂ,ref ) + ]/(iref) Eq >3
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where a(A) and y(A) are, correspondingly, the absorption and emission coefficients.
They are related to the corresponding cross sections c,(A) and c¢(L), by the expression:
a(1)=ca(A)Ngr and y(1)=ce(X)Ne: [74], where Ne=[dring(r) | ¥(r)|? represents the
effective erbium concentration over the cross section of the fiber (r;) overlapping with
the signal propagation mode ¥(r;). The Eq. 5.31 can be demonstrated knowing that the
optical gain along the erbium doped fibers can be described by [73]:

N2
Ner

G®(AL)=[a(4)+y(2)]— L-a(4)-L Eq. 5.31

where N2/Ng, is the mean inversion and L is the EDF length. On one hand, the tilt
function T(A,Awr), as shown in eq. 5.31, should be independent of the length of the EDF.
This is experimentally verified and shown in Fig. 5.3. It can be seen that the differences
between the two tilt functions corresponding to 10m and 15m EDF are less than 0.05dB.
Nevertheless, the 5m EDF shows higher deviations (max 0.15dB) at long wavelengths -
due to the experimental error in T(A,Arr) calculation- since the gain under two different
saturation levels varies less at longer wavelengths.

Alternatively to Eq. 5.31, it can be shown, using Eq. 5.32 that

dB dB

(i) =o)L, =GP (L)L, £q. 5.23

Gl (ﬂ“ref , Ll) Lz _Gz (ﬂ’ref , Lz) ) L1
by considering two gain spectrums G%;(A, L;) and G®,(A, L,) measured at different
saturation conditions (Pin1, Pp.1), (Pin2, Pp2) and different EDF lengths L; and L.
The black box model (Eq. 5.30) can be extended to predict the signal gain, G*®(\, Pi,,
Py, L), at any wavelength (), input signal power (Pi»), input pump power (Pp), and EDF
length (L), by using Eq. 5.33. Identifying: G®;(A, L,) as the signal gain spectrum at the
target parameters (Pin, Pp, L), G%,(\, L,) as the gain spectrum at a reference
configuration (Pinref, Ppret, Lrer), G™21(hrer, L1) and G®,(her, Ly) as signal gain values at
Aref, at the target and reference configurations respectively, in that case, the signal gain
G®B(, Pin, Pp, L) can be obtained from Eq. 5.33 as:

G® (A, Pin,Pp, L) =T (A, Aret )-
L

ref

|:GdB (ﬂref, Pin, Pp, L) - GdB (/1ref, Pin, ref, Pp, ref, Lref )jl

Eq. 5.34

+LGdB (ﬂ,, Pin, ref , Pp, ref , Lref)

ref
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In comparison with previous black box model, an extra term, proportional to the
difference between reference and target EDF lengths it is normally added to earlier
expression Eqg. 5.30

G® (A, Pin, Pp, L) =T (A, Arer )-
I:GdB (ﬂ,ref, Pin, Pp, L) —GdB (lref, Pin, ref, Pp, ref, Lref )]

4 Lrer — L)'T(ﬁ,ﬂref) ) Eq 5.35
Lref
I:GdB (ﬂref, Pin, ref , Pp, ref, Lref)—GdB (ﬂ, Pin, ref, Pp, ref, Lref )j|

where Eq. 5.35 is an expression equivalent to Eq. 5.34.
The characterisation of the gain G™ (A, Pin, Pp, L) at the reference wavelength (Arer)
can be done using the well known empirical expression [75, 76]

Go(Pp, L)

Pn Eq. 5.36
14| P
Peat(Po, L)

where G (small signal gain), Ps, (saturation power) and a are usually treated as fitting
parameters. The values of Gg, Py and a depend on the input pump power and EDF fiber
length (Py, L). Once a set of representative experimental values are obtained, the value
of Ggs(her, Pin, Pp, L) at any arbitrary conditions can be obtained by interpolating
Go(Pp, L), Psat(Pp, L) and a(Pp, L) and using Eq. 5.36. This is a similar procedure as the
one proposed in [77] to include pump power dependency. While 1D interpolation is
applied in [77], 2D interpolation is used to include EDF lengths dependencies.

Another mathematic expression of the total gain of the EDF is the following [78]

G=TI, em[LL(aseNz—ale)dz} Eqg. 5.37

where L is the length of the fiber, N; and N, are the population density in the level 1
and 2 as indicated already I's is the confinement factor ¢° and 6% are the signal emission
and absorption cross-sections respectively.
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Fig.5.5. Signal gain variation for HE980, P, -7dBm, as a function of EDF

length and wavelength
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The Fig.5.5 represents the signal gain variation, for a pump power of -7dBm and an
EDF HE980. One can see the gain of the EDF as a function of the length and the signal
wavelength.

The Fig. 5.6 demonstrates the saturation effect of the amplifier. For these cases, the
efficiency of the amplification decreases for high input signal power, due to the
saturation of the amplifier. In general, until the EDF reaches the saturation point, the
lower the input signal power provided to the EDF is, the higher the signal gain. An
exponential increase in the noise figure is achieved, when the amplification goes further
into saturation. For an efficient amplification, one should not get further into the
saturation mode as this causes lowering of the gain, higher pump consumption and
higher degradation of the signal [79]
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Fig. 5.6. a) Output signal power in function of the input signal power to various
supplied pump power; b) Gain in function of the input signal power for different
supplied pump power; c) Noise figure in function of the input signal power to
various supplied pump power; d) Gain in function of the pump power to
different values of signal input power [79]

As we will explain later on, the wavelength dependency of the EDFA gain can have a
serious impact on the function of WDM/TDM PON using cascaded in-line EDFAs. As
an effect by itself is neutral, can be used though to the benefit of the network, when the
proper wavelength allocation is foreseen.
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5.2 Theoretical approach of in-line amplification

5.2.1 General considerations

In-line EDF amplification refers to an alternative scenario of the original WDM/TDM
PON (SARDANA), suggested in chapter 4, where the EDF is placed in the ring fibre
rather than at the beginning of the distribution tree. Similar to the drop amplification
case, in-line amplification can be constructed as part of the remote node by attaching the
appropriate length of EDF before or after the add/drop filters. The pump distribution,
carried over the upstream fibre is split accordingly, in order to provide the appropriate
pump power level that in combination with the EDF length, offers the required gain.

L L( Li E&
p 14\ @ ... QO 1\
[ rq]] @ ...« > [\ rq -
RN-1 RN- {n/2-1}
:
=il JIVAY @ ... @ 1\
[Tl @© ...« > [ rq
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Ert
Upstream data
Add

Fig. 5.7. Network architecture and Remote Node comprising in line remote
amplification

The network set-up as well as the appropriate RN design are shown in the figure below.

The advantage of in-line amplification is that a small gain is only required in
order to compensate the transmission and passive element losses of the intermediate
distance between amplification stages. Therefore, in theory, all the signals can be kept
on the appropriate level of signal power per channel with minimum requirements in
terms of EDF length and portion of required pump power.
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However, in practice, the fact that a group of wavelength channels require
amplification, in combination with the wavelength dependent gain characteristics of
EDF amplification in WDM channels, sets significant constrains in the design of the
system. More specifically, the following limitations are observed:

e All the studied effects (gain, noise figure and OSNR) apply on WDM channels
being amplified simultaneously. The wavelength dependent nature of EDF
causes power variations due to unequal gain per wavelength.

e Any effects present in a system with in-line amplifiers must be studied for a
cascade of amplification stages rather than single amplification per channel in
the case of drop amplification. This reflects also in the design of such a system.

e The number of accumulated channels is not constant as channels are dropped or
added in the system. This affects also the amount of gain received per channel.
These constraints complicate significantly both the design and the study of the

network with in-line amplification. In general for the design of the downstream
propagated signals, in-line amplification must provide a relative small gain in order only
to compensate for the transmission losses and the losses of the passive elements. As the
number of channels is reduced through a cascade of RNs, an even smaller total gain is
required. Additionally, since the input power in the in-line amplifiers is strong and also
the transmission losses are small, the added and accumulated noise level for the case of
down stream propagation is expected to be limited, allowing good OSNR values at the
ONU receivers. On the other hand, the high power levels per channels denote that the
amplification operation will be performed in the saturation region of the EDF, where the
obtained gain with respect to EDF length and pump is small.

The design of the upstream signals is totally different than that of downstream
propagation. The main difference here is that the power level of the added channels is
very small due to the losses in the distribution tree. This is expected to give a significant
initial OSNR degradation. Moreover, the power level of the accumulated signals must
be kept at relatively low levels so that we don’t have huge variation between the already
added and amplified signals and those newly added at each RN. In this case, the pump
and EDF length requirements are relaxed, since a good gain value can be achieved for
low power signals that are away from the saturation region of the EDFA.

For the analysis of in-line amplification, the wavelength dependent nature of
EDF is important to be considered. This depends on:

o the type of the EDF used

e the pump power

e the EDF length and

e the input wavelength channels and their power

In the following sub-sections first the simulation tool is described, providing its
calculation capabilities as well as the common setting and parameters used. Based on
this tool, an analysis on the wavelength and power dependent issues of amplification is
given, with emphasis on the unequal gain per channel and the OSNR degradation
effects.
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The VPI simulation tool was used in order to estimate the effects of in-line
amplification in a WDM signal. The analysis was based on the use of the test-amplifier
module that among others it calculates the optical frequency/wavelength dependent
gain, noise figure and OSNR per WDM channel. The analysis is performed by
examining the input and output signals of each amplification stage.

5.2.2 Definitions and parameters used for the analysis
5.2.2.1 Inputtest signal

Since the main purpose of this study is to examine the gain and OSNR degradation of
the signal and not other impairments, a simple WDM source was considered based on
the generation of a comp of wavelength with certain wavelength position according to
the ITU grid and power. In this case, each wavelength channel is considered to have all
the power concentrated in a single frequency. The WDM comp source has been
combined with a noise generation source that results in an initial OSNR of 40dB which
is fixed for all cases.

5.2.2.2 Signal gain

The gain of the amplifier is calculated by the difference of the output signal power and
the input signal power at each amplification stage.

G;(dB) =P, (dBm) — P, ; (dBm) Vi = amplification stage Eq. 5.38

uti

Note: Each amplification stage includes the WDM coupler and splitter before and after
the EDF fibre.

5.2.2.3 Giles parameters

A derivation of the Extended Black Box Model can be used, not only for providing an
accurate description of the performance of EDFA, but as will be shown, for determining
the cross sections in the form of Giles parameters of the studied EDFs. For the
described Black Box Model, the Giles parameters depending on the emission and
absorption cross sections, are given -as mentioned already- by the expressions found in
[74]:

o  a(A)=0ca(A)Ng
e y(A)=ce(A)Ner
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where Ne=Jdrne(r) | ®(r) |2 represents the effective erbium concentration over the
cross section of the fiber (r;) overlapping with the signal propagation mode ¥(r;)

It can be demonstrated (publication pending) that the absorption Giles parameters,
a(A), can be determined by using the expression:

a(ﬂ) = Li [T (2“1 ﬂ’ref )|:In (G (ﬂ’ref ’ I:)in,ref ! Pp,ref ' Lref ))+ aref ’ Lref :|
ref Eq 5.39

—In(G (i, Pin'ref , Pp,ref ’ I-ref ))]

Once the absorption Giles parameters of the EDF are obtained, the emission Giles
parameters can be determined as well, by using:

Y(A)=T (A A )| Gt + 71 |~ () Eq. 5.40

5.2.2.4 EXxcess noise power

The amplifier noise is the ultimate limiting factor for system applications [Agrawal,
2002]. The ASE noise, can be expressed by the following equation:

Pue = #-[G, —1]-h-v-dv = p,g -dv Eq. 5.41

where pase represents the ASE spectral density, that propagates in the same direction of
the signal. The impact of ASE is quantified through the noise figure F, given by
Fn =2ns,. The added noise power at the amplification stage is given by:

PASE = 2nsphv' G -Av Eq 542

where ng, is the spontaneous emission factor that depends on the relative populations N
and N, of the ground and excited states, hv the photon energy, G the amplifier gain and
Av the bandwidth over which the noise is calculated.

5.2.2.5 Optical signal to Noise ratio

OSNR s calculated at the output of the amplification stage by separately estimating the
amplified channel power and the noise power. This is done by splitting the output signal
in two components, i) the pure (parameterized) wavelength channel and ii) the
remaining noise level within 100GHz around the signal integrated at 12.5GHz
bandwidth. The ratio of these two values defines the OSNR parameter.

It is mentioned again that an initial OSNR value of 40dB is considered in all the
examined cases.
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5.2.2.6 Noise figure

The noise figure (NF) can be defined as the relation between the input SNR and the
output SNR of the EDF [80]. Considering as the main limitation of the signal detection,
the signal spontaneous noise power (Ns.sp), the noise figure can be calculated by the
forward equation:

PAS E

e Eq. 5.43

where Pasg is the ASE power, hv is the energy of photon, Av is the resolution
bandwidth of the Optical Spectrum Analyzer (OSA) (0.1nm in the referenced case) and
G is the gain of the EDF. Considering also the shot noise (Nsnot) and the spontaneous-
spontaneous noise (Nsp.sp) powers, the NF is calculated respectively with the equations:

PASE 1
=4 —
WAVG G Eqg. 5.44
2 p—
NF _ PASE +i+ PASE (280 Be )hV Eq. 5.45

hvavG G 4(hvAv)’G?P,

where By is the optical bandwidth of the filter after the EDF, B, the bandwidth of the
electrical filter in the receiving circuit and Pj, is the optical power at the input of the
amplifier.

The analysis of noise figure is based on the electronic definition according to which the
NF is related with the ratio of the input SNR;, over the output SNRy. For this
calculation with respect to optical noise and Pasg the receiver characteristics must be
considered and how this electronic circuit is affected by the noise factor. Assuming that
the dominant contribution to the receiver noise comes from the beating of spontaneous
emission with the signal and neglecting the contribution shot noise then the noise figure
term can be simplified to the equation

G-1

NF =2n,——==~2n Eq. 5.46

Hence from the previous equation the following expression is derived:

1( P
NF =10log| —| —&- Eq. 5.47
g[G(thvD 9

This expression is according to the IEC 61280 definition on obtaining
measurements for WDM systems spaced within the ITU grid and particularly applicable
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in cases of cascaded EDFAs. The measurement bandwidth is defined again at 0.1nm (or

12.5GHz). The frequency v refers to the operating wavelength or the central frequency
of WDM channels.

5.2.2.7 Type of EDF

In all measurements the EDF type of fibre used was the HE980® fibre by Lucent-OFS.
In Fig. 5.8 the gain spectrum and absorption is given. It is the most important feature of
an EDFA as it determines the amplification of individual channels when a WDM signal
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Fig.5.8. The parameters of the EDF type (Lucent Ofs HE980 ®) that was
used in the simulation tool

is amplified.

The extracted Giles parameters (appearing in Table 5.1) were inserted in the EDF model
of the VPI capable to emulate bidirectional signal propagation and amplification in
doped fibers. The analytical model used, considers both the geometry of the fibre
waveguide and the physical properties of the dopant ions determined by the Giles
parameters. Since the gain and absorption properties in the model used for the studies
presented here, is described using Giles parameters, very few additional parameters are
required. This is because the measured gain and absorption per unit length in an actual
fiber already include the effect of parameters such as the excited state lifetimes, and the
details of how the optical field overlaps and interacts with the dopant ions. Both Giles
parameters and additional fibre geometry related parameters have been provided by the
manufacturer.
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TABLE 5.1

Giles parameters for (Gain/Attenuation) for the EDF HE980 [OFS]

Wavelength Gain (dB/m) Attenuation
(nm) (dB/m)
1400 0,00 0,00
1455 0,09 0,69
1480 0,61 1,88
1484 0,69 2,08
1510 1,56 2,43
1519 2,43 3,30
1528 4,00 4,34
1530 4,08 4,08
1534 3,26 3,21
1544 3,08 2,56
1559 2,78 1,48
1585 1,17 0,35
1614 0,52 0,13
1629 0,00 0,00
1656 0,00 0,00

5.2.3 Analysis of the expected OSNR degradation

5.2.3.1 Initial OSNR degradation after the 1% amplification stage

The first amplification stage in a cascade of amplifiers in a system is the one that
determines the OSNR of the transmitted signal. According to the system design

presented in the next chapter there two main cases that can be distinguished:

e In downstream signal propagation the initial WDM channels have sufficient
power levels (0dBm per channel) at the output of the OLT. In this case, the
signal attenuation between OLT and the first amplification stage as well as
between the next amplification stages is relatively small. Additionally, the gain
provided is also small since we are mainly interested in compensating for the
losses in between amplification stages.

Therefore, the Pase contribution in the non-degraded (in terms of signal and noise
power) input signal to the in-line amplifier is expected to be very small. Moreover since
Pase depends on the achieved gain, its value will be also small.
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e In upstream signal propagation the tributary wavelength channels initiated from
ONUs are facing a strong attenuation within the distribution trees before being
amplified by the in-line amplification stages in the ring.
Therefore, In this case the Pase contribution on the weak signal will be evident, causing
an initial strong degradation through the first amplification stage.

Next an example is provided for both cases that proves this issue theoretically.
The example is based on the actual values used in performance evaluation of the system
and the target gain values required. In all cases an initial signal OSNR of 40dB is
considered. Therefore, any comparison in terms of OSNR degradation must be made
according to this initial value.

Assuming an initial OSNRj, = S;j/N being amplified by the first in-line
amplification stage with gain G, the output OSNR will be:

OSNR,, = Iim

out

GSin GSin
= =OSNR,, = Eq. 5.48
GN + Py GN +2ng hv-G-Av

5.2.3.1.1 Downstream OSNR degradation after 1% amplification stage

The power per channel of the signals being transmitted from the OLT is 0dB (1mW).
With an initial OSNR of 40dB defined at 12.5GHz bandwidth, the noise power within
the same bandwidth is N=1e-7 W.

According to the results that are presented in the next chapter, the first in-line
amplification stage provides a gain of 7dB with a noise figure of 6dB. Assuming that
the term 2ng, is defined by the NF, and calculating the output OSNR from the last
equation (for a channel frequency of 193.1THz, h=6.6261e-34 the Planck's constant,
and BW=12.5GHz) we obtain: OSNR;=39.7dB.

Therefore it is evident that in the case of downstream propagated signals, the
OSNR degradation with respect to the initial transmitted signal OSNR (40dB) is only
0.3dB. If a pure initial signal is assumed with infinite OSNR (i.e. N=0) then the output
OSNR of the first in-line amplification stage is OSNRyy = 51.9dB. This value defines
the absolute OSNR degradation due to the ASE noise in the amplifier. As the initial
OSNR value of the transmitted channels is closer to this value then Pasg becomes a
more dominant factor and the OSNR degradation will increase.

5.2.3.1.2 Upstream OSNR degradation after 1% amplification stage

The power per channel of the signals being transmitted from the ONUs is 0dB (ImW)
but due to the tree losses these signals are entering the in-line amplification stage with -
20dBm (10uW). With an initial OSNR of 40dB defined at 12.5GHz bandwidth, the
noise power within the same bandwidth is N=1e-9 W.

According to the design parameters for upstream signal a small gain is only
provided at each RN in order to compensate for losses. An average value of 3dB gain
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can be considered in this case. The noise figure increases compared to the downstream
case and can be up to 7dB. Again the term 2ng, is assumed to be defined by the NF;
actually for low gain values a more accurate formula to use is NF=2ng,(G-1)/G from
which 2ng, is calculated. Finally, the output OSNR from the last equation (for a channel
frequency of 193.1THz, h=6.6261e-34 the Planck’s constant, and Av=12.5GHz) is:
OSNR,=27.7dB.

Therefore, in the case of downstream propagated signals, the OSNR degradation
with respect to the initial transmitted signal OSNR (40dB) increases significantly by
12.3dB. If a pure initial signal is assumed with infinite OSNR (i.e. N=0) then the output
OSNR of the first in-line amplification stage is OSNRg,: = 27.8dB. This shows that the
generated ASE noise is a dominant factor and affects significantly the output OSNR
almost independently of the quality of the initial signal

5.2.3.2 OSNR degradation in a cascade of in-line amplifiers

For this case we assume that any additional in-line amplification systems do not provide
extra gain in the signal but simply compensate for the losses between the amplification
stages. On contrary ASE noise is accumulated. Therefore the signal power S and Pase
after the i™ amplifier and compared to the (i-1)™ amplifier can be expressed as:

Psi =Psia=PFs

' : Eq. 5.4
PASE,i = PASE,i—l + 2nsphVGi Av 549
Therefore the OSNR at the end of the i" section is:

1 1 2n,hvG; Av Eq. 5.50

= + . .
OSNR, _ OSNR | P, q
And after a cascade through N amplification stages this becomes:
N
2n. hvG Av
1 1 ,Zﬂ: L Eqg. 5.51
+

OSNR, OSNR, P,

where OSNRy is the initial OSNR of the transmitted signal.
Extending the example presented above for the case of a cascade of in-line amplifiers
we can distinguish again the two cases of down- and up-stream propagation.

5.2.3.2.1 Downstream OSNR degradation through a cascade of in-line amplifiers

In this case the degradation term of (Ps/2nsy-hv-G-Av), has a very small contribution as it
was calculated for the initial OSNR degradation. Additionally, Ps is assumed constant
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and the gain G is relevant small (and even smaller than before) since it has to
compensate for the limited losses in the system.

5.2.3.2.2 Upstream OSNR degradation through a cascade of in-line amplifiers

For upstream signals the term (Ps/2ns-hv-G-Av) is the dominant factor of degradation
and affects significantly the output OSNR particularly in the first in-line amplification
stages. As the OSNR value degrades after a cascade of amplifiers, the effect of ASE is
also reduced since it is much larger than the degraded OSNR of the signal

OSNR versus number of amplification stages
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Fig. 5.9. OSNR degradation through a cascade of in-line amplification stages
for the case of down- and upstream transmission with different characteristics

Table 5.2 Characteristics of up- and downstream transmission

Ps = 7dBm (0.005mw)
G =7dB
NF = 6dB

Ps = -17dBm (20uW)
G = 3dB
NF = 7dB

The value of the accumulated OSNR for the two cases of downstream and upstream
transmission is shown in Fig.5.9 and calculated based on the last equation for up to 8
accumulated in-line amplification stages. For both cases constant values of output
power, gain and noise figure were considered in the calculations. These values are
shown in the Table 11, separately for each case.

From this figure it observed that for the downstream transmission where the
signal power is preserved at high levels, the OSNR degradation is particularly small. A
maximum OSNR penalty of 2.15dB (with respect to the initial OSNR value of 40dB) is
achieved after 8 cascades. On the other hand the OSNR degradation is much more
pronounced for the case of upstream propagation where the amplified signal levels are
small. In this later case OSNR degrades rapidly within the first amplification stages and
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tends to be stabilized for a larger number of stages. The maximum OSNR degradation is
21.62dB.

It should be noted that what is depicted in the figure above is theoretical
approach that shows the trend on OSNR degradation for different parameters. However,
in the system design that will be presented next the parameters of Ps, G and Noise figure
are not constant for all RNs. This is because the pump is distributed from the OLT and
therefore the amplification characteristics are changing through consecutive
amplification stages. The values of gain and noise figure in remotely located nodes from
the OLT are smaller as less pump power is available. As these values drop the OSNR
degradation ratio is also improved. Comparing the theoretical results presented here
with those in section 3 for the emulated in-line amplification system one may observe a
perfect matching with respect to the initial OSNR degradation through the 1%
amplification stage. However for the cascaded effect there is a small deviation from the
theoretical values due to the reasons explained above.

5.3 Remote amplification approaches and design
characteristics

5.3.1 Network design approach

As already mentioned, remote amplification is used in order to increase the power
budget of the network, thus the volume of end users. The earlier proposed solution [3]
has considered the use of remotely pumped EDFs in the drop part of the RN, after the
wavelength channels distributed to the trees, are selected by the RNs. In this solution,
the appropriate portion of the remotely distributed pump was extracted, in order to offer
the required amplification in each RN. The main problem of this approach is that the
RNs located further away from the OLT, require higher portions of the pump compared
to the closely located ones, since the signal experiences larger attenuation due to
propagation losses and passive losses in RNs. However, the pump power also attenuates
significantly and therefore it is difficult to achieve the appropriate pump power levels
for the distant RNs, unless high pump power lasers (offering several Watts) are used in
the OLT.

In the study presented here an alternative design approach is considered, able to
offer remote amplification by the use of in line amplification implemented in the
interior of the RN and affecting directly the WDM signals rather than the individually
selected signals after the RN. The target in this case is to offer the minimum possible
amplification required to maintain the power of the signals as they propagate in the
rings towards the more remotely located RNs.

In order to examine the amplification requirements of the network, the first
critical issue is to evaluate the losses in the optical path between OLT and ONU. There
are three main parts of the network that introduce losses, namely the transmission part
(fibre), the add/drop module with the RN, and the distribution tree. This deployment,
considers a total number of 16RNs each one of which drops 2wavelengths (32
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wavelengths in total). The dropped wavelengths are split to 32 users (ONUSs) resulting
in a total of 32x32=1024 end users. The area is considered a densely populated one,
therefore the distance between the RNs is considered small and it is set to 1km. The
distribution tree at each RN spans to a maximum distance of 3km. Considering the total
passive losses of the network, it is evident that these depend mainly on the high splitting
ratio at the distribution trees and less on the fibre losses. According to the system design
though, there are additional passive losses from the elements used in the network
(WDM couplers, add/drop filters) as well as the splicing losses. According to the
identified network parameters, the following design issues have been taken into
consideration, for the practical implementation of in-line amplification.

First, in-line amplification stages have been placed in the network according to
the normal (non-resilient) operation. This means that all even channels are handled by
RN; to RNg and all odd channels are handled by RNg to RNyg. Therefore RN;.g show
absolute symmetry with nodes RNy¢.9 it terms of amplification stages, position, Erbium
length and pump splitting factors. In the case of resiliency (and considering the worst
case scenario), the signals will have to propagate through a maximum number of 16
RNs.

Second, optimization of the design parameters (wavelength allocation per RN,
EDF length, and pump splitting ratio) have been performed for the worst case scenario
of resiliency considering that the link between the last node and the OLT is down and
that the signals have to propagate all the way to the OLT in the opposite direction. Since
operation for the resiliency case can be guaranteed, then under normal operation, this is
also guaranteed. However, with this approach the design requirements are stricter
especially in terms of required resources (e.g. maximum pump power).

Third, other effects like non-linearities and dispersion limitations are not
considered, although in practice are very important in order to identify not only the
receiver’s optimum input power level but also the required OSNR. In our studies, we
tried not only to provide the appropriate gain that compensates for losses, but also to not
exceed certain power limits that may trigger strong non-linear effects.

In all cases, the initial signals (either down- or up stream) are considered to have
an initial OSNR value of 40dB. This is because noise sources exist in both ends of the
system for the generated signals, i.e. a booster amplifier at the OLT and an RSOA at the
ONU.

Another design issue relates with the allocation of the wavelength channels per
RN. Considering the case of 32 wavelength channels and 100GHz spacing, the
wavelength channels are split into two groups of odd and even channels with 200GHz
spacing and these are distributed to the first 8 and last 8 RN respectively. Therefore for
example, for a set of 32 wavelengths ranging between 192.0THz and 195.1THz the
subset of the 16 wavelengths [192.0, 192.2, 1924, ..., 195.0](THz) is allocated to RN.g
and the subset of the other 16 wavelengths [192.1, 192.3, 192.5, ..., 195.1](THz) is
allocated to RNjs.o.
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If it is assumed that all wavelengths receive the same gain through the
amplification stages, then these can be freely allocated in any groups of two to any RN.
However, in order to achieve this in practice, an optimum design is required with
controllable pumps per in-line amplification stage. Now that the pump signal is
centrally distributed, an optimum design per in-line amplifier is hard to be achieved. In
our case, the system must be optimized as a whole so that we can have the total
optimum operation for all amplifiers. Additionally, we must show a conservative
approach on the use of pump so that the pump power to be adequately distributed to all
amplification stages.

Non-optimum design per in-line amplifier -in terms of pump and EDF length-
will result in unequal gain per wavelength. More specifically, longer EDF lengths for
given pump powers, may provide more gain at lower frequencies rather than higher
ones. If we reduce the EDF length then the gain is almost equalized for the different
channels but it is small in order to compensate for losses. If we increase the pump (by
increasing the splitting ratio) then we will be able to have more gain for all the channels
but not enough pump power for the distant nodes to compensate losses, particularly in
the case of resiliency where 16 RNs must be supported. Therefore, in practice, in order
to compromise between gain per channel and available pump power, a more advanced
approach must be considered, with optimum allocation of the channels per RN. In the
non-optimum design a strong gain tilt will be observed after a cascade through a
number of amplifiers.

The main purpose in an optimum design is to consider the worst case of
resiliency and reserve those wavelengths that can have more gain, for the distant nodes.
As the pump power fades out over longer distances, these wavelength channels that
have received more gain in the previous stages, will be able to reach longer distances.
Since this effect is evident for low frequencies, these must be allocated to the more
distant RNs in the resiliency case which are RN; and RNy, if we consider that the RN,
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Fig.5.10 The RN design with in-line amplification at the down- and up-stream fibres indicating the
main loss elements

Frequency >

to OLT or RNy, to OLT connections respectively, are down. The effect of unequal gain
per wavelength and according to optimum wavelength allocation scheme that is
considered, is depicted in the example shown in Fig.5.10, for the case of downstream
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propagation under resilient operation. The set-up details appear in a subsequent
subsection.

5.3.2 RN design approach

As far as the RN is concerned, its design in this approach is implemented with
two fixed filters that are used to drop the signals. The EDF is placed between the two
drop filters and before the 50/50 splitter as shown in Fig. 5.11. The 50/50 splitters are
used for resiliency in case of a fiber cut. The two predetermined wavelengths are
dropped in each RN. Each wavelength is then driven to a tree. This of course creates the
need to transmit in the downstream direction a signal with adequate power to reach the
first tree (served by RN; in normal operation or RNy when operating in resiliency mode
in the case of a fiber cut between the OLT and RN;) as the drop signal of the first tree in
this design will not be amplified.

Downstream

J AT

200GHzZ
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) |

1:32

~ 132 4_‘,

Fig. 5.11 RN design used for in-line amplification
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Fig. 5.12. Pump distribution scheme

The pump laser’s emission power is predetermined in order to comply with
safety regulations. The upstream signals’ power is predetermined by the ONU’s
specifications and so is the receiver’s sensitivity in both the ONU and the OLT.

Pump power, which counter propagates with the upstream signal, is distributed
in each RN to be used in amplification of the downstream as well as the upstream
propagating signals. The distribution is implemented by tap couplers with different
percentages in each RN which select a portion of the pump for the EDF amplifying the
downstream signals, and a portion for the EDF amplifying the upstream signals. The
portion of the pump power used for the upstream is fixed. As far as the downstream
propagation is concerned, the power required was determined by the need of each RN
for amplification. The gain required, along with the dispensable pump power are the
determining factors for the length of the EDF. Nevertheless, the gain provided to the
signals by some RNs, makes it possible to surpass a number of them (RNs), while
propagating towards the tree they are designed to be dropped, without the need of
amplification. Therefore, some RNs don’t contain an EDF in the downstream ring. On
the contrary, in the upstream fibre ring, the in-line EDFs have the same length and are
required in every RN.

In case of resiliency, there is another WDM coupler that operates similarly but
from the opposite direction of the RN. This implementation of the pump distribution is
depicted schematically in Fig. 3. When designing the network a conservative approach
was considered on the use of the pump so as to be adequately distributed to all
amplification stages.

5.3.3 Design emulation set up and parameters

In order to investigate the described design, we have considered a number of
parameters, which are presented below.

The network consists of 16 RNs with 1km distance among them. The tree fiber
length is equal to 3km. Therefore the ring size is 17 km and the maximum distance
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between the OLT and an end user is 19km. The OLT transmits 32 wavelengths in the C
band.

As far as the downstream transmission in concerned the OLT output is
considered equal to 10dBm per channel. This power level could cause non linear effects
during propagation, but the fact that the distances between the RNs as well as the tree
fiber length are relatively small prevents the appearance of non-linearities. In the case of
upstream transmission the ONU output is equal to 0dBm while the OLT input level is
considered -28dBm. In RSOA based ONUs the input power required to achieve
adequate performance and output power at 0dBm is considered -20dBm. The pump
power is set to 31dBm.

The 32 aforementioned wavelength channels have 100GHz spacing and range
within the C-band from 192THz-195.1THz. In order to achieve the same gain through
the amplification stages for all wavelengths, an optimum design per RN and per in-line
amplifier is required. The main purpose in an optimum design is to consider the worst
case of resiliency and reserve those wavelengths that can have more gain for the distant
nodes. The gain of the EDF is not flat for all frequencies. On the contrary it exhibits a
gain tilt which favors some wavelengths in terms of gain received as can be seen in Fig.
5.8. As the pump power fades out over longer distances, these wavelength channels that
have received more gain in the previous stages, as stated in the network design section,
will be able to reach longer distances. Since this effect is evident in low frequencies,
these are allocated to the more distant RNs in the resiliency case, which are RN; and
RN, if it is considered that the RN; to OLT or RNy to OLT connections respectively
are down. The wavelength allocation used in the simulation set up, is the one appearing
in Table 5.3.

Table 5.3 Frequency allocation
RN | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16

fi | 192 [192.4]192.8(193.2(193.6| 194 [194.4|194.8| 195 |194.6/194.2|193.8|193.4| 193 |192.6|192.2

f, |192.1/192.5(192.9|193.3|193.7|194.1|194.5|194.9|195.1|194.7|194.3|193.9|193.5|193.1|192.7|192.3

In-line amplification stages were placed in the network according to the normal
operation, meaning that the channels with the lower frequencies were handled by RN; &
RNis, RN, &RNjs handle the sequential, RN3; & RNji4 the next ones and so on.
Therefore RN;-RNg present a symmetry with nodes RN3g-RNg when referring to the
downstream fibre ring in terms of amplification stages, EDF length, dedicated
percentage of pump power and gain tilt.

The upstream fibre ring as already mentioned is equipped with the same length
of EDF in every RN which depends on its OSNR performance and is in this case 2.2m.
As aforementioned the tree fiber has a 3km length. Considering the total passive losses
of the network it is evident that these depend mainly on the splitting ratio at the
distribution trees and less on the fibre losses. Therefore, in order to comply with the
given values for transmitter-receiver power levels, the splitting ratio was set in 1:32 for
each tree, which results in 1024 customers served.
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The total losses considered at the RN are the losses of the filter, the WDM
coupler, the 50/50 coupler, and the circulator. Their sum is 4.6dB.

5.3.3.1 Downstream scenario and set up

Each of the shaded areas represents a different RN starting from the first one on
the upper left corner and ending on RN on the lower right corner. The schematic
shown here actually represents the worst case scenario of full resiliency, in which all the
32 wavelengths with 100GHz channel spacing are propagating towards the same
direction and the last pair drops at RNis. In normal operation the same exactly set-up
was used, up to RNg though and using the 16 of the 32 wavelengths with channel
spacing of 200GHz.

The dashed circles in the schematic represent the positions of the in-line
amplification stages. As it is observed, in-line amplification is not performed at every
stage (Only RN1,4,7,10,13,16 have amplification). This is done because when
optimizing the system for the worst case scenario it was shown that the signal level can
be increased significantly allowing its transmission over a cascade of additional two
nodes before amplification is again required; more details are given in the next
subsection.

It is important to mention that the elimination of in-line amplification stages is
allowed because the transmission losses are low between RNs (i.e. 1km of fibre +
passive component losses). Alternatively, we have tried to have in-line amplification at
every node using a very small percentage of the distributed pump and/or short EDF
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Fig. 5.13 Schematic of the network design for the case of downstream propagation
under resilient mode. For normal operation the first 8 RNs are only used.

length. However, in this case, it was observed that due to the slightly unequal gain per
channel obtained at each amplification stage, the cascade of in-line amplifiers was
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resulting in a strong gain spectrum tilt in the more distant nodes. More specifically, this
gives rise in the power of low frequency channels which prevents the large frequency
channels to be amplified and reach the appropriate power level for correct reception at
the ONU.

At each RN shown in the figure above, the upper link has an in-line amplifier (if
this is required) followed by two drop filters centred at the wavelength of the drop
channels. The lower link represents the pump distribution and contains the WDM
splitters/couplers for the pump and the tap couplers that distribute the pump to both the
down-stream and upstream directions.

The design was built following the rule about network symmetry. Therefore, for
example the pairs of [RN1, RN3g], [RN2, RN3s], [RN3, RNi4], ... have exactly the same
characteristics (splitting ratios and EDF length). In this case and under normal
operation, the results obtained for the propagation through RN; to RNg will be the same
as that from RNy¢ to RNg; actually the only difference is that the wavelength channels in
the last 8 RNs are shifted by 100GHz with respect to the first 8 RNs. Additionally, the
internal design of the last 8 RNs, is symmetrical with respect to the first 8 RNs and
therefore, the in-line amplification stage appears after the drop filters. This is true for
the resiliency case, as after RNg the signals are propagating in the opposite logical
direction compared to the propagation in the first 8 RNs.

Table 5.4. contains the optimum values of coupling factor and EDF length used in this
set-up. The third column shows also the corresponding value of the pump power that is
injected in the in-line amplification stages.

Table 5.4. Design parameters for the case of downstream
4RN scenario
Couplin Optimal EDF
faclior ’ IFength [m] Pump Power[dBm]
1 0.9 6 28.05
2 0 0 0
3 0 0 0
4 0.9 5 23.37
5 0 0 0
6 0 0 0
7 0.5 6 25.679
8 0 0 0
9 0 0 0
10 0.5 6 17.989
11 0 0 0
12 0 0 0
13 0.9 5 3.766
14 0 0 0
15 0 0 0
16 0.9 6 -3.925
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5.3.3.2 Upstream scenario and set up

In the upstream propagation through the SARDANA ring, the added wavelength
channels from each RN are propagating towards the OLT in the same fibre as the pump
signal, but in a counter propagation mode. The critical difference between upstream and
downstream propagation in terms of the amplification stage design, is that the added
upstream channels are facing large losses through the distribution tree and when they
are added in the ring fibre, their power level is less that -20dBm. Since this power level
Is away from the saturation region of the in-line amplifier, adequate gain can be
provided in the expense of OSNR degradation. Therefore, the choice on the EDF length
and the portion of the injected pump is critical in order to keep noise at moderate levels.
The following figure provides the schematic used to emulate the performance of the
upstream signal propagation. The schematic refers to the worst case of operation, under
resilient mode, when all added channels propagate through the same direction upwards
to the OLT. The position of the RNs are in reverse order with respect to the downstream
scenario and therefore RN is the one on the lower right corner of Fig.5.14 (followed by
the OLT receiver) and RNy is the one on the upper left corner.

The general design rule about symmetry is also implemented in this set-up and is
observed between the first 8 and the last 8 RNs. At each RN, the upper link represents
the signal propagation and the lower links the pump distribution system. Although
pump and signal are propagated over the same fibre, within each RN these two are split
and handled differently. Therefore, in terms of total passive losses, the upstream signals
-when compared to the passive losses of downstream signals- are facing the additional
loss from two WDM couplers, used to separate and recombine the counter propagated
pump at each RN. Above each RN, is a system that distributes the appropriate
wavelength channels pairs in the RNs.
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Fig. 5.14 Schematic of the network design for the case of upstream propagation
under resilient mode. For normal operation the last 8 RNs are only used.
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In this figure, it is observed that in-line amplification stages have been added at
each RN. From the system performance point of view, this approach is mandatory, since
we should not allow the already weak added channels to loose extra power. This would
affect their OSNR performance. On the other hand, the provided gain must be kept low,
by using small coupling ratios for the pump and small EDF lengths, so that all channels
have almost the same power level after there are added and cascaded in the ring. If this
Is not guarantied, then any added signal with low power will be buried inside the noise
level of the already added and cascaded channels with large powers. In the case of
upstream propagation under normal (non-resilient) mode, the last 8 RNs (i.e. RNg to
RN,) in the schematic are only used.

Table 5.5 contains the optimum values of coupling factor and EDF length used in this
set-up. It is observed, that coupling factors and EDF length parameters are much lower
that what was used in the downstream signals.
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Table 5.5. Design parameters for the case of upstream
4RN scenario
Couplin Optimal EDF
fath)or ’ Il_oength [m] Pump Power[dBm]
1 0.95 1.2 24.582
2 0.95 1.2 23.405
3 0.95 1.2 22.228
4 0.95 1.2 20.598
5 0.95 1.2 19.42
6 0.9 1.2 21.254
7 0.95 1.2 13.825
8 0.95 1.2 12.648
9 0.95 1.2 11.726
10 0.95 1.2 10.548
11 0.9 1.2 9.376
12 0.95 1.2 4.954
13 0.95 1.2 3.776
14 0.95 1.2 2.146
15 0.95 1.2 0.969
16 0.95 1.2 -0.208

5.4 Evaluation of the design solution

The study performed, shows that the described architecture can serve 1024 end users
with several hundreds of symmetric data rate in a maximum distance of 19km. More
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Fig. 5.15 Optical power of downstream signals when reaching the ONU
specifically, for downstream transmission, we observe that when operating in normal
mode, all the ONUs are reached with a signal power higher than -20dBm. That means
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that all ONUs used, could be based on RSOAs. The ONUSs of the trees served by RN;,
RN>, RN3, RN4’ RN5, RNG’ RN7, RNg, RN12, RN13, RNg4, RN15,RN16 are reached with a
signal higher than -20dBm, therefore RSOAs would be efficient in these cases in every
operation mode (normal or resilient mode). In case of resiliency operation though, the
signal can be received by standard GPON APD receivers in the ONUs served by RNy,
RNj1; and one of the trees of RNjp

The upstream operation of the network is ensured in normal as well as in every
case of resiliency operation. The reason is that the signal power level reaching the OLT
(all frequencies considered) is above -28dBm which is the OLT receiver’s sensitivity.
The results for downstream and upstream signals are depicted in Fig. 5.15 and Fig. 5.16.

respectively.
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Fig. 5.16. Optical power of upstream signals when reaching the OLT receiver

As can be observed the trees connected to RNg RN11 and one of the trees served by
RN3p in the worst case of a fiber cut (thus a fiber cut between either the OLT and RN or
the OLT and RNj¢) are reached by signals with power levels lower than the required for
the operative use of an RSOA as a receiver/transmitter in the end part of the network.
The lower power level for the upstream signals that reaches the OLT’s receiver
is -21.64dBm that comes from the RN with the smaller distance from the OLT. The
reason for that is that this signal doesn’t acquire any gain as it doesn’t pass through any
amplification stage. A better performance of the network could be achieved with a
smaller splitting ratio (e.g. 1:16 which corresponds to 512 users) or a larger value of
pump power (e.g. 39dBm). In both the aforementioned cases the RSOA could be used

in all ONU’s and in any case of operation.
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Fig. 5.17 Optical spectra with the through and dropped wavelength channels at RNs after each
amplification stage for the case of downstream scenario in resiliency mode (Resolution

Optical Frequency relative to 196,24 THz [THz]

Bandwidth = 0.1 nm)
The results for all the cases presented before are provided, in more detail in Fig.5.17-
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Fig. 5.18. Optical spectra with the through and dropped wavelength channels at
RNs after each amplification stage for the case of downstream scenario in
resiliency mode (Resolution Bandwidth = 0.1 nm)
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Fig. 5.19. Optical spectra with the through and dropped wavelength channels at
RNs after each amplification stage for the case of downstream urban scenario
in normal mode (Resolution Bandwidth = 0.1 nm)

5.20. More specifically the optical spectra after each amplification stage is shown. For
the downstream signals the spectra show both the through channels and the dropped
channels at the corresponding ONU. On the other hand, for the upstream signals the
spectra show the newly added signals together with the already added signals from
previous RNs for the middle and the last RN. Moreover in this case the OSNR per
channel is provided.
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Fig. 5.20. Optical spectra with the added wavelength channels and OSNR per
channel at OLT for the case of upstream urban scenario in normal mode
(Resolution Bandwidth = 0.1 nm)

This investigation focused in an urban deployment. The same design can, with
different parameters be optimized with response to the needs and the targets of the
network. For example more users and stronger pump, longer distances and less users.

5.4.1 Conclusion

In this study we have shown that a network architecture based on SARDANA, using in-
line amplification, can reach 19km while serving 1024 users with several hundreds of
Mbps. Such a design can be applied in both, normal and resilient operation. If normal
operation is considered, then all costumers can be serviced with the use of RSOA’s
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based ONUSs. Nevertheless, in the worst case of a fiber cut, thus a fiber cut between the
OLT and the first RN, the 160 users that are served by the RNs most affected can be
served by standardized GPON APD receivers.

The proposed remote amplification solution consists of a fully passive
architecture which can expand the limits of already deployed passive infrastructures,
using remote amplification. The low pump power required, along with the extended use
of RSOAs suggested, make this design very efficient in terms of OPEX. Furthermore,
the overall cost of the RSOAs and the different components of the network, consist of a
profitable solution in terms of CAPEX.



Chapter VI

Alternative band
operation of a WDM/TDM
PON

In order to increase the number of the end users, the solution of using an alternative
frequency band has been considered. The limits of L-band for use on a WDM/TDM
PON have not been investigated to the best of our knowledge and furthermore, this
investigation can be expanded even more, so as to include operation in both C and L
bands. In this framework, a special design of a WDM/TDM PON was implemented,
based once more on the principle of cascaded in-line, remotely pumped EDFAs. In this
chapter, we present the theoretical background of L-band EDFAs, several technologies
for L-band amplification and some differences between C and L-band EDFAs.
Furthermore, we expose some types of fibers for L-band EDFAs and the design of the
aforementioned WDM/TDM PON, along with the special design considerations. Finally,
the results of the study, in terms of the achieved maximum reach and number of end
users on this alternative band PON are shown.
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6.1 L-band EDFA

L-band EDFAs operate on the same principle as C-band EDFAs. However, there are
significant differences in the design of L- and C- band EDFAs. The gain spectrum of
erbium is much flatter intrinsically in the L-band than in the C-band.
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Fig. 6.1. C-band EDFA i) Gain vs. wavelength and ii) Noise figure vs.
wavelength [82]

In typical EDFASs though, the erbium gain co-efficient in the L-band, is smaller than in
the C-band. This necessitates the use of either much longer doped fiber lengths, or fiber
with higher erbium doping concentrations. In either case, the pump powers required for
L-band EDFAs, are much higher than their C-band counterparts. Due to the smaller
absorption cross sections in the L-band, these amplifiers have also higher amplified
spontaneous emission [81]. As one can see from Fig 6.1i) and 6.2i) that are based on a
study appearing in [82], for a low initial pump power, the gain along the amplifier
length will not be stable and there exists a saturation gain. For a larger pump power of
40mW, it is observed that the noise figure is below 6.875dB for C band while for L-
band, for the same 40mW pump power, the noise figure is greater than 6.875dB (Fig
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Fig. 6.2. L-band EDFA i) Gain vs. wavelength and ii) Noise figure vs.
wavelength [82]

6.1ii), 6.2ii)).
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In the WDM/TDM PON network study though, we have used a special doped fiber
designed to operate in L-band, named iXF-FGL EDF.

6.2 L-band fibers

As already mentioned, in our study we have used a specially designed fiber that
operates in L-band, named iXF-FGL EDF. The optical characteristics of the specially
doped fiber can be found in Table 6.1.

TABLE 6.1. IXF-EDF-FGL CHARACTERISTICS
Fiber type L band
Fiber name IXF-EDF-FGL
Absorption @ 1530 nm (dB/m) 20-35
Absorption @ 1480 nm (dB/m) 9-16
Erbium consistency (%) 3km +/-3.5
MFD @ 1550 nm (um) 6.5
Background losses (dB/km) <8
Cutoff wavelength (nm) <1250
Splice loss (dB) <0.15 (SMF28)
PMD factor (fs/dB) <0.25

Below, the chart of the performance, as well as the characteristics of L-band erbium
doped Nufern fibers (EDFL-980-HP, EDFL-980-HP-80 and EDFL-1480-HP) designed
for use in L-band amplifiers. L-band erbium doped fibers, and these two ones in specific
can be powered with 980nm or 1480nm pumps.

TABLE 6.2. EDFL-980-HP & EDFL-980-HP-89 CHARACTERISTICS
Fiber type L band L band L band
Fiber name EDFL-980- EDFL-980- | EDFL-1480-

HP HP-80 HP
Absorption @ 1530 nm (dB/m) 25+2 25+2 30+3
Absorption @ 980 nm (dB/m) >7 =7 >12
MFD @ 1550 nm (um) 5.5+0.5 5.5+0.5 5.3+0.5
Loss @ 1200 nm(dB/km) <15 <15 <15
Second mode Cutoff (nm) 920+50 920+50 1420450
Numerical aperture(nominal) 0.25 0.25 0.25

In Fig. 6.3, one can see the gain and absorption curves of the EDFL-980-HP.

Typical Absorption and g* for EDFL-980-HP

30

AN —_—g*

Absorption, g* (dB/m)

1450 1500 1550 1600
Wavelength (nm)

Fia. 6.3. Parameters of the EDF tvne: Nufern EDFL-980-HP



Chapter VI. Alternative band 96

6.3 L-band amplification technologies

In WDM transmission systems and their related optical networks, one of the key
technological issues is the achievement of broad and flat gain bandwidth for EDFAs.
This trend of fast bandwidth consumption, as a natural extension, has resulted in the
latest interest in optical amplifiers operating at longer wavelengths, which a
conventional EDFA cannot handle. One solution to this demand includes either a new
material composition for the fiber or higher concentration of Er3+.

Besides solutions involving new material composition or highly doped in Er3+ ones,
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Fig. 6.4. Experimental examples of four types of L-band EDFAs a)
Conventional forward pump, b) Conventional backward pump, c) Unpumped
EDF section before forward pump, d) Unpumped EDF section after backward

pump [86]

most efforts have been focused on silica-based erbium-doped amplifiers with various
structures [83], [84]. For these approaches, relatively longer EDF’s are commonly used
with high pump power sources, to adjust the population inversion of the EDF at an
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approximately 30%—40% level [83], and correspondingly to get the amplification in a
long wavelength range (1570-1610 nm).

By using this L-band amplifier in parallel with the conventional (C-band, 1530-1560
nm) one the silica-based EDFA can now operate with a gain bandwidth of more than 80
nm, providing a wide open window for future high capacity WDM transmission systems
[85]. It has been a common practice to use a cascade of EDFs and then use the
backward ASE power of one of the EDFs as a pumping source for the unpumped EDF
section. This principal has been used in the L-band EDFA presented in the Fig.6.4. c)
and d) [86].

Another idea suggested, was the use of a 1540-1545nm pump, using the configuration
appearing in Fig. 6.5 [87].

1540nm-band forward pump

Frm R m e I T T T = T T "

EDF
= Dy VDM OTF

O%0nm LIy 1480nm LD

1540nm-band backward pump

Fig. 6.5. Experimental configuration of 1540nm-band pumped L-band EDFA
[87]

The results of 1540nm pumping, in terms of gain and noise figure vs. signal
wavelength, can be found in Fig. 6.6.



Chapter VI. Alternative band 98

i

Gain (dB)

NF (dB)

1570 1580 1580 1600 1810 1620
Signal Wavelength (nm})

(b)

== 1530nm pumplng == {53 10m pumping
—a&— 1533nm pumping —%— 15537nm pumping
—7— 1538nm pumplng == 1560nm pumping
—#— 1545nm pumping

Fig. 6.6. (a) Gain spectra and (b) Noise figure spectra of 1540-nm-pumped L-
band EDFA at 70mW pump power [87]

The pump source in this case is composed of a tunable light source and two C-band
EDFAs in cascaded configuration. The gain co-efficient has proven to be 2.25 times
larger than that of the conventional 1480nm pump. The reason for that is the backward
ASE suppression.
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Fig. 6.7. Experimental setup of an in-line amplifier using 1545nm pumped L-
band EDFA on cascaded amplification configuration[87]

This specially designed —band EDFA was applied in an in-line amplifier for an optical
communication link as can be seen in Fig. 6.7. The in-line amplifier was composed of
firstly a 1480nm pumped EDFA and secondly a 1545nm pumped EDFA in a two stage
amplification configuration. This implementation has shown a very big power
conversion efficiency improvement.
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6.4 In-line and L-band operation of a WDM/TDM PON

Our approach, focusing on amplification and more specifically on in-line amplification
using for transmission the L-band, is based and tested in a double ring fiber
WDM/TDM PON that has been described in chapter 5, but with a few alterations [88].
The goal is to achieve, with given transmission and pump power, the longest reach
possible from the OLT to the furthest user. At the same time, the aim is to serve more
than 1000 users and retain the signal in a high level. In the scenario examined, the
signal level as well as the OSNR obtained, allow the use at the customer’s end of a
RSOA.

The scalability of the network permits the implementation of several
deployments, whose planning depends on the population density and the area
considered. These characteristics determine the final number of the RNs as well as the
distances among them. However, in every approach the need of remote amplification is
necessary in order to have the appropriate input level in the ONU and to maximize the
users while counterbalancing for the power losses throughout the network. On this study
the use of in-line remote amplification has been considered. Moreover we have
investigated the use of an alternative band of wavelengths, namely the L-band. 1024
users have been reached in a distance of 20km with a signal appropriate to be used with
an RSOA.

6.4.1 Parameters of the network affecting its operation

The parameters taken under consideration are the number of RNs, the signal power, the
pump power, the total length of the fiber between the OLT and the final user -which
could be considered as the sum of the fiber distances from the OLT to the RN and the
tree fiber length-, the losses induced by the RN, the splitting ratio of the tree, the length
of the EDF, the percentage of the total pump power used in each RN to pump the
corresponding EDF , the sensitivity of the receivers and the wavelength allocation in the
sense of appointing which frequencies will be dropped in each RN regarding their
distance from the OLT. Continuing, the parameters are analysed in more detail.

Number of RNs

The number of RNs depends on the number of end users we want to cover. In an urban
area a number of 16RNs per fiber ring is considered. Increase of the number of nodes
corresponds to increase of the users served and decrease of the power budget.

Signal power value

The downstream signal power’s value has been set in 10dBm. The reason for that is that
with the power link budget performed, the design of in line amplification requires
10dBm initial power in order to reach the users of the first tree, since no amplification is
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performed for this frequency. Moreover the use of a stronger signal power was avoided,
so as to prevent emergence of non linear effects at furthest propagation as well as for
restraining OPEX. The upstream signals’ value is set to 0dBm in order to comply with
the capabilities of an RSOA.

Pump power value

The operation of in line amplification design was tested for two values of pump power,
31 and 39dBm respectively. Increase of the pump power makes the network more
flexible in terms of users served. The reason is that it allows a more effective
amplification in terms of greater gain, thus an increase in the power budget is achieved.
Nevertheless, we examined the use of 31dBm, because a smaller pump power complies
better with safety regulations as far as the CO is concerned. It should be marked
however, in regard of safety regulations, that since the pump circulates only in the
upstream fiber ring, there is no danger that it could come to the reach of the end user.
The pump is counter propagating with the upstream signals as aforementioned, but in
this investigation the loss due to pump depletion is considered negligible, because of the
low signal power.

Losses induced at the RN

Each RN includes filters that perform Add & Drop operation. In the cases of RNs that
include EDFs for in line amplification, the use of splitters and WDM couplers is
additionally necessary. The filters used along with the splitters and the WDM couplers
introduce losses at the RN. Losses are also induced by the WDM couplers and the
attenuation of the fiber along the path to the end user. Their sum is 4.6dB. All these
losses have to be counterbalanced by the gain of the EDF.

Splitting ratio

As aforementioned, the splitting ratio of the tree can vary from 1:32, 1:64 and 1:128 for
an urban deployment. Since each node serves two trees each with a different A, these
splitting ratios are interpreted into 64, 128 and 256 users per RN respectively. It is
obvious that increasing the splitting ratio the number of end users is increasing
accordingly. One should take into account though, that this happens in expense of
power losses induced to the network. In the scenario presented, a splitting ratio of 1:32
has been used.

EDF length

The length of the remotely pumped EDF affects the amount of gain achieved, the
portion of the pump power consumed, as well as the OSNR. Therefore a careful choice
has been made on the lengths of the EDFs used in each RN in respect of its position in
the network (distance from the OLT) in order to counterbalance for all the
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aforementioned variables. Different fiber lengths have been used in the downstream ring,
symmetrically placed though, as described also in chapter 5 (i.e. same EDF lengths used
in the first and last RN, so as to preserve a symmetrical design) in order to adapt in the
case of resiliency operation (for example a fiber cut between the OLT and the first or
the last RN). Furthermore, due to the elaborate design some RNs could be excluded (in
this case as well as in the design of chapter 5) since the signal had the necessary power
to serve the corresponding trees and no EDFs were placed in their interior. In the
upstream propagation ring, all RNs were equipped with an EDF of the same length, but
carefully optimized in terms of low pump power consumption and OSNR.

Distribution of pump power

Pump power is distributed in each RN to be used in amplification of both the
downstream and the upstream propagating signals. The distribution is implemented by
using different percentages in each RN for the amplification of the downstream signals,
while the portion used for the amplification of the upstream signals is invariable. As far
as the downstream propagation is concerned, the power required, was determined by the
need of each RN for amplification. In some distances the signal had the power required
to reach the customers’ ONU without amplification, so, some RNs were excluded. A
conservative approach was considered on the use of the pump so that it would be
adequately distributed to all amplification stages.

Receiver’s sensitivity

We consider the use of an RSOA. A power value of -20dBm is considered necessary in
order to both obtain the downstream data and at the same time use the optical carrier for
modulation with the upstream signal and achieve an output of 0dBm. Transmission with
low input powers have been already demonstrated [84]. Finally, the receiver at the OLT
is considered to have a sensitivity of -28dBm.

Frequency allocation

32 channels have been considered, with 100GHz spacing that range within the L-band
from 187.4THz-190.5THz. In order to achieve the same gain through the amplification
stages for all wavelengths, an optimum design per RN and per in-line amplifier is
required. The main purpose in an optimum design is to consider the worst case of

Table 6.3 FREQUENCY ALLOCATION FOR L-BAND WDM/TDM PON WITH IN-LINE
AMPLIFICATION

RN

1 2 3 4 5 6 7 8 9 10 11 12 13 14 |15 |16

f1

f>
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resiliency and reserve the frequencies that can have more gain for the distant nodes. The
gain of the EDF is not flat for all wavelengths, but exhibits a gain tilt which favors some
of them in terms of gain received. As the pump power fades out over longer distances,
the channels that have received more gain in the previous stages will be able to reach
longer distances. This effect is evident in low frequencies therefore these were allocated
to the more distant RNs in the resiliency case, which are RNig and RNy, if it is
considered that the RN to OLT or RN; to OLT connections respectively are down.
The wavelength allocation used is shown in Table 6.3.

6.4.2 Set up

The set up is considered to be applied in an urban area, therefore it consists of 16 RNSs,
with a distance of 1km among them, and an OLT connected with two fiber rings. One of
them is used for downstream transmission, while in the other; the upstream signals are
counter propagating with the pump signal. The tree fiber has a 3km length, therefore the
maximum distance from the OLT to the end user is 19km. Considering the total passive
losses of the network it is evident that these depend mainly on the splitting ratio at the
distribution trees and less on the fibre losses. Therefore, in order to comply with the
given values for transmitter-receiver power levels, the splitting ratio was set in 1:32 for
each tree, which results in 1024 customers served.

The in line amplification is realized in the RN. With the use of fixed filters and
splitters two wavelengths are dropped in each RN. The EDF is placed among the two
drop filters and before a 50/50 splitter used for resiliency. Each wavelength is then
driven to a tree. The placement of the EDF among the drop filters creates the need to
transmit in the downstream direction a signal with adequate power to reach the first tree
(served by RN; in normal operation or RN3g when operating in resiliency mode in the
case of a fiber cut between the OLT and RNj3) as the drop signal of the first tree in this
design will not be amplified. An overview of the network, as well as the RN design, is
presented in Fig.6.7.
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6.4.3 Results

The study performed shows that the described architecture along with the use of L-band
signals can serve 1024 end users with several hundreds of symmetric data rate in a
maximum distance of 19km. More specifically for downstream as can be seen in Fig.
6.8, all the ONUSs are reached with a signal power higher than -20dBm which means,
they could be based on RSOAs .
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Fig. 6.8.Downstream signals

The upstream operation of the network is also ensured by the fact that the signal power
level reaching the OLT is above -28dBm, as can be seen in Fig.6.9 which is the OLT

receiver’s sensitivity.
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Fig. 6.9.Upstream signals
The gain of the special doped EDF has been experimentally investigated for different
pumping power values and the results are depicted in Fig.6.10.
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Fig.6.10.Characterization of the L-band amplifier in the RN

6.5 Conclusions

In this chapter we reviewed the idea of using an alternative band of frequencies for the
implementation of a WDM/TDM PON. After exposing some technologies investigated
in the past for L-band amplification and their performance we have reviewed some
types of fiber for L-band amplification. Continuing we report the investigation we
performed, on the L-band operation of a WDM/TDM passive optical network. More
specifically, we have shown that a WDM/TDM passive optical network architecture
using L-band in line amplification can reach 19km while serving 1024 users with
several hundreds of Mbps while all costumers are serviced with RSOA’s based ONUs.
This solution consists of a fully passive architecture which can enlarge the limits of
already deployed passive infrastructures, using remote amplification. The operational
expenditures are expected to be decreased due to the low pump power required along
with the extended use of RSOAs. In addition the overall capital expenditure can be
reduced as the RSOAs consist of a profitable solution.



Chapter VII
Extended band operation
of a WDM/TDM PON

In this chapter, we explore the possibilities of the expansion of a WDM/TDM PON with
advancing and enhancing its band operation. Such a study can be considered very useful
for infrastructure proprietors wishing to lease one fiber to more than one operator. The
suggested designs can turn the network much more competitive, hence lowering the
final services’ prices and giving a financial boost to the whole technology.

A trial network design, due to operate in both C + L band, has been implemented.
Further, the combination of Raman amplification with remotely pumped EDFs placed
as in the previous chapters, in-line with the transmission path, thus distributed in the
WDM ring is shown. Finally, we have investigated the limits and the performance of a
WDM/TDM network operating in C + L band, which uses remotely pumped
amplification in the drop part of the network, with the help of an especially designed
RN.

Chapter 7 has been organised in three subsections. In the first we briefly explain
the theoretical base of Raman amplification. On the second, the results of applying
Raman amplification in a WDM/TDM PON are presented. Raman amplification
mechanism is combined with in-line EDF amplification. On the third a RN design is
presented, one that is predestined to operate in C+L band but using amplification on the
drop part of the network. In other words, designed to enforce two wavelengths, the ones
destined to the TDM trees connected to the specific RN.

7.1 Raman amplification

Stimulated Raman Scattering (SRS) is an interaction between light waves and the
vibrational modes of silica molecules. If a photon with energy hv; is incident on a
molecule having a vibrational frequency V,, the molecule can absorb some energy from
the photon. In this interaction, the photon is scattered, thereby attaining a lower
frequency v, and corresponding lower energy hv,. The modified photon is called a
Stokes photon. Because the optical signal wave that is injected into a fiber is the source
of the interacting photons, it is often called the pump wave, since it supplies power for
the generated wave.

106
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This process generates scattered light at a wavelength longer than that of the
incident light. If another signal is present at the longer wavelength, the SRS light will
amplify it and the pump-wavelength signal will decrease in power. Consequently, SRS
can severely limit the performance of a multichannel optical communication system by
transferring energy from short-wavelength channels to neighbouring higher wavelength
channels. This is a broadband effect that can occur in both directions. Powers in WDM
channels separated by up to 16 THz (125nm) can be coupled through the SRS effect, in
terms of the Raman gain coefficient gr as a function of the channel separation Avs.This
shows that owing to SRS, the power transferred from a lower wavelength channel to a
higher-wavelength channel increases approximately linearly with channel spacing up to
a maximum of about Av; = 16THz (or = 125nm in the 1550-nm window), and then
drops off sharply for larger spacing [89].

7.2 C+ L band gain equalization — Hybrid Raman & in-line EDF
amplification mechanism

The feasibility of gain enlargement and equalization on extended reach WDM-ring PON
by means of hybrid Raman/EDFA amplification has been investigated with the use of
simulation. This study has been performed in the framework of a collaborative effort
with Berta Neto [90].

7.2.1 System description

The network examined, consists of a 80km WDM ring with 8 nodes in each one of
which, 2 channels are added/dropped. It is therefore operated with 16 channels, 8 of
which cover the C band while the other 8 cover the L one. In the CO, a bidirectional
laser emitting at 1480nm is used to pump the spaced by 400 GHz 16 channels, that are
distributed between 192.5 THz and 186.3 THz (see Table 7.1.). The channels leave the
central office with 0dBm of optical power. The bypass losses are considered 0.53dB for
channels and 1.01 dB for the pump, while the attenuation of channels and pump are set
to 0.20dB/km and 0.25dB/km respectively. The channels drop losses are 3dB. In this
framework two situations are analyzed, one with Raman amplification and the other
with a hybrid amplification scheme composed by in line EDF with Raman. Therefore,
an optimized span of EDF is inserted in the mid length of each link according to the
dropping channels powers. This procedure was performed with total pump power of 1W
(500mW in each direction). The results have demonstrated gain equalization with a
ripple of 2.54dB over a bandwidth of 50nm by using spans of EDF with a total length of
22km.
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7.2.2 Method used — Results

The 16 analyzed channels, with the exception of the last two, rely on the maximal
bandwidth of Raman gain efficiency. In the following picture, the Raman gain
efficiency is plotted for a standard single mode fiber, pumped at 1480nm, being the C
and L bands represented by black and red arrows, respectively.

The optimization strategy followed is the following: (i) drop the channels with the
higher gain first in order to settle a maximal gain level and decrease the effect of pump
depletion, (ii) whenever the channel power reduction surpasses a predefined value, try
several span of EDF fiber in the mid-link to minimize the gain ripple. The obtained
optimized results were also compared with simple Raman amplification. The simulation
is based on the implementation of Raman propagation equations [91] and Saleh [92]
model for EDFA using the semi-analytical average power analysis method [93, 94].
This method leads to quick and accurate solutions.

The optimal dropping order is listed in Table 7.1. The idea is that the channels with the
maximal Raman gain efficiency are dropped first and then move outwardly, as assigned
in Fig. 7.1.

Table. 7.1 Channel dropping order along the ring (2 channels per node)

RN # f.(THZ) f,(THz)
1 190.1 190.5
2 190.9 191.3

C band 3 191.7 192.1
4 1925 192.9
5 189.3 189.7
6 188.5 188.9

L band 7 187.7 188.1
8 186.9 187.3

The results for total pumping at 1W (500mW for each direction) are depicted in Fig. 7.2.
The top graph displays the power after dropping spectra for optimized hybrid Raman/in
line EDFA and simple Raman, while the middle one represents the optimized EDF span
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and their position in the ring (in terms of relative to the CO position ). The bottom graph
displays the available pump power for the EDF spans. On looking at the simple Raman
results, we verify that just by choosing a dropping order compliant with the maximal
Raman gain efficiency, the power is considerably flat in the 1567-1590nm range and
then decreases as the channels’ wavelengths move away from the maximal gain
efficiency. On those links the insertion of an EDF span can increase the power above
the 0dBm threshold. It should be noted that in order to provide gain in L band, longer
spans of EDF are used. Looking at the pump power results, we notice that due to this
methodology, the available pump power in distant links is still high enough to pump the
EDF spans. Hence, in the hybrid approach a total span of EDF equal to 22m is used (2m
for C band amplification and 20m for L band amplification) to attain a ripple of 2.54 dB
over a bandwidth of 50nm.

7.3 Dual waveband remote node for extended reach full duplex
10Gb/s C + L band PON

The requirements of an extended WDM/TDM PON in terms of optical budget are
increased when compared to simple PONs. Moreover, the requirements for extended
reach and higher splitting ratios in their TDM segments increase the demands on the
system, therefore additional amplification between the OLT and the ONU becomes
mandatory. Although wideband C + L band Erbium Doped Fiber (EDF) already exist
[96] the indispensable passiveness demands this kind of amplification to be performed
remotely. This technique of remote pumping has been already demonstrated for long
haul systems in both wavebands [97] and has been introduced also to PONs for the C-
band, but with the use of EDFs in the drop part of the RN [98]. For this latter case, a
pump is transmitted along its fiber plant towards the RNs. For the case of a hybrid PON
from ring + tree architecture, these RNSs, situated at the interconnection between the
WDM ring and the TDM trees, also perform the task of signal drop and insertion
between ring and tree segments.

In this experiment a remote node design for C+L band amplification is
characterized and shown to cover the advanced optical power budget for a 55 km reach,
1:32 split hybrid passive optical network with symmetrical full-duplex 10 Gb/s
transmission. Different types of Erbium-doped fibers, designed for the C- and L-band
are evaluated in a bidirectional amplification stage at the remote nodes of a ring + tree
network, providing 5-10 dB of power margin for the reception of down- and upstream
despite degradation of the optical signal-to-noise ratio. The evolution of signal power
and the noise accumulation along the light path is discussed for both wavebands. This
work has been performed in a collaborative experimental study with Bernhard Schrenk.
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7.3.1 Remote node design

The RN aims at serving the needs of combined C+L-band amplification in an extended
reach PON (Fig.7.7) with a resilient dual fiber ring, where unidirectional rings for
down- and upstream are connected via RNs to bidirectional trees that contains several
ONUs. Since the used EDFs do not provide amplification in both wavebands, as can be
seen in Fig. 7.8(a) that shows the spectra for the amplified spontaneous emission (ASE)
of the HE980 and iXF-FGL EDF when being pumped at 1480 nm, a RN design with
separate amplification stages for the wavebands was chosen. C/L waveband splitters
(Cp, Cy and Cy) therefore divide the RN into sub-RNs, whereby each of them holds one
of the two EDF types, which are designed for their dedicated waveband. While the ASE
peak is located at 1530 nm for the HE980, it can be found at 1565 nm for the iXF-FGL
EDF. According to the bidirectional nature of the tree, a sub-RN consists of two
remotely pumped EDFs that are used for independent amplification of down- and
upstream. This is necessary due to amplified reflection from the thin-film filters inside
the pump/signal combiner which had a return loss of 54 dB and would lead after
amplification to a power level for the reflected downstream signal that is then already
comparable to the noise background of the ASE. For the case of a bidirectional
amplifier, the reflection from the filter would be caused by a strong downstream signal
and amplified back in upstream direction together with the upstream signal, which is in
turn low due to the higher power splitting ratio in the tree. Therefore, not the
background noise level of the upstream, but the reflection of the filter will degrade the
upstream transmission in a bidirectional amplification scheme where down- and
upstream have the same wavelength.

Fig. 7.7.Hybrid WDM/TDM-PON with remote C+L amplification between OLT and ONU, dedicating separated
amplification stages for the two wavebands.

Besides that, the more critical degradation from bidirectional amplification is the
effect of Rayleigh Backscattering (RB) in the EDF which is enhanced compared to a
standard single-mode fiber (SMF), as can be seen in Fig. 7.8(b) for the EDFs used in the
RN. While the RB coefficient, defined as the ratio between the Rayleigh backscattered
light of a fiber and the launched light into the fiber, saturates at -33.6 dB for a standard
SMF with a length of 18 km for both wavelengths of 1550 and 1585nm, the HE980
EDF saturates at -24.3 dB for a wavelength of 1550 nm and a length of 15 m, and the
iXF-FGL EDF at -27.8 dB for a wavelength of 1585 nm and a length of 5m. Therefore,
it is necessary to split the bidirectional amplification stage into two unidirectional stages
to allow amplification inside the RN for counter-propagating data streams at the same
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wavelength. However, bidirectional amplification itself is not prohibited since different
wavelengths can be amplified in opposite directions, which is especially beneficial for
the case of having two trees connected to the RN, where different wavelengths with
different data streams can stabilize in the same amplification stage against gain

transients in the presence of burst-like upstream traffic [99].
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A detailed scheme of the RN is shown in Fig. 7.9. Despite its complexity, it is
kept fully passive and has no operating expenditures. The add/drop of the tree
wavelengths from the ring into the sub-RNs was performed with four 200 GHz thin-film
add/drop filters (A/D in Fig. 7.9), while resiliency is provided by a 50/50 coupler (Cg)
that allows to receive and transmit the data stream to both directions of the down- and
upstream ring for the case of a fiber cut. Another 100 GHz thin-film filters (R/M) are
intended to allow for bidirectional amplification of the two tree wavelengths that have
been dropped from the ring. After the EDFs, these two wavelengths are again
multiplexed with 100 GHz filters (T/M), which also reject the ASE from the EDF or, in
case of the upstream from the ONU, the noise of the reflective remodulator. Circulators
are placed before the C/L splitters that feed the bidirectional tree. As there will be only
one tree wavelength used in each waveband, the filters that are placed between the
resiliency couplers and the EDFs are discarded, while the filters, originally situated
between the EDFs and the tree interface are now placed at the bidirectional port of the
circulator.

The insertion loss from the ring to the input of the EDF is then 4.5 and 6.9 dB
for the C- and L-band, respectively. Another 1.5 and 3 dB of loss are located between
the output of the EDF and the tree interface. The insertion loss values are higher for the
L-band due to the higher pass insertion loss of the L-band filters. The pass-through loss
between the two ring interfaces of down- and upstream was 1.2 dB. The remote EDFs
were pumped at 1480 nm as this wavelength is suitable to be fed remotely from the
OLT towards the RN. Two laser diodes (LD) of 19 dBm each for the downstream EDFs
and two LDs with 16 dBm for the upstream EDFs were used locally, as strong pumps
were missing for their transmission from the OLT. This shows a worse case where no
extra Raman gain benefit was present.
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Fig. 7.9.Hybrid WDM/TDM-PON with remote C+L amplification between OLT and
ONU, dedicating separated amplification stages for the two wavebands.
The weaker pump for the upstream reflects the better sensitivity in reception of the OLT
compared to the receiver of the ONU, and also the constraints of the pump requirement
in a PON.

For the C- and L-band, 15m of HE980 and iXF-FGL EDF was used for the
downstream, while 15m and 10m were placed for the upstream light path. This choice is
based on the investigation for both fiber types. Fig. 7.10(a) shows the gain for an input
power of -10 dBm into the EDFs for C- and L-band wavelengths for different EDF
lengths, and Fig. 7.10(b) and Fig. 7.10(c) the gain and the OSNR (measured for a
resolution bandwidth of 0.1 nm) for a pump of 19 dBm for C- and L-band EDF,
respectively. As can be seen, the gain profile of the HE980 EDF is quite flat over the
whole C-band, and has a roll-off around 1560 nm. Although more gain can be provided
in the region around 1530 nm, the Optical Signal-to-Noise Ratio (OSNR) is degraded
by 1.4 dB over the centre wavelength of 1550 nm for a 15 m long EDF due to the
presence of the ASE peak, as shown in Fig. 7.10(b). The gain profile of the iXF-FGL
EDF has a slight roll-off over the whole L-band, giving a difference of 5.2 dB between
the wavelengths of 1570 and 1600 nm for a 15 m long EDF, as can be seen in Fig.
7.10(c). However, for the same EDF length the OSNR degradation near the ASE peak is
negligible when compared to a wavelength where the gain is still high and the ASE
peak is sufficient far. For a possible application in a PON the gain for the longer
wavelengths of the L-band may be too low to face the power budgets for data
transmission. In that case, the spacing between the optical carriers in the L-band will
have to be decreased to the next grid standard for the add/drop filters, for placing
several wavelengths used for data transmission inside the range where sufficient high
gain can be provided. Alternatively, the delivered pump power and the EDF length can
be optimized so that a flat gain can be obtained for all L-band sub-RNs.

The optimum lengths of the EDFs were chosen according to the provided pumps

and the achieved gain values. It has to be noted that for the C-band EDF, the gain is
determined by length and pump power, as can be seen in Fig. 7.10(d) that shows the
gain that is provided by the EDFs for C- and L-band for different lengths and different
pump power values. For the C-band EDF, the gain curve is quite flat over the pump
power, while for the L-band EDF the gain strongly depends on the provided pump. On
the contrary to the C-band EDF, the difference in gain between different EDF lengths is
much smaller for the same pump power. This behavior is pronounced due to the higher
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pump consumption that longer EDF spans require, e.g. for the 20 m EDF, no additional
gain is obtained compared to the 15 m EDF, as the provided pump of 19 dBm is already
too low.
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Fig. 7.10.(a) Characterization of the C- and L-band amplification stage in the RN, for an input power
of -10 dBm and various pump power values, and achieved OSNR and gain for the (b) C-band and
(c) L-band for a pump of 19 dBm, and (d) dependence of the gain for both EDFs on the pump power
for different EDF lengths
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For the downstream C-band EDF and an operating wavelength of 1560 nm, the
latter chosen despite the falling gain spectrum of the HE980 EDF because of the
preference of longer wavelengths in the available optical remodulator at the afterwards
connected ONU, a length of 15m was used. Although some more gain could be
provided with an EDF of 20m, this length was not chosen as the OSNR already starts to
decrease. This criteria of selection is also pronounced due to the fact that the L-band
EDF does not provide the same high gain as the C-band EDF. Therefore, the OSNR is
an important parameter for the latter one as the power budget can be also reached with
less gain. Considering operation at a wavelength of 1585 nm for the L-band, it can be
seen that for the downstream with the stronger pump an EDF of 15m shows good
performance as a longer one does not benefit. Although the gain is less than for the C-

band EDF, a similar OSNR can be achieved.

For the C-band upstream, the same EDF length of 15m was chosen as this length
provides sufficient gain for the power budget of the upstream which is more relaxed
compared to the one of the downstream due to the better receiver at the OLT. The best
choice for the EDF length in the L-band upstream amplifier is a short fiber of 10m as
longer EDFs already miss gain due to insufficient pump. Although only one RN was
placed inside the ring, the pass-through loss of 1.7 dB for the bypassed express
wavelengths, considering also pump/signal splitters for the delivery of the pump for the
RNs along the ring, could be partially compensated in the C-band by the extra Raman

gain that is benefit from in a realistic scenario.

Gain L-band, 1585nm [dB]
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7.3.2 Remote Amplification in an Extended Reach PON

The experimental setup for the integration of the RN into a PON is shown in Fig. 7.11.
This PON achieves full-duplex operation by dedicating different wavebands (C and L or
vice versa) for down- and upstream. The optical carriers in the C- and L-band were
located at 1560.61 and 1586.2 nm and modulated with Mach-Zehnder modulators
(MZM in Fig. 7.11). The data rate was 10 Gb/s and a Pseudo-Random Bit Sequence
(PRBS) of 2'-1, equivalent to the block coding of Ethernet PON systems, was used. The
extinction ratio (ER) of the modulator was better than 13 dB. The bias of the MZM was
readjusted to pass the unmodulated carrier not to worsen the OSNR. Due to the long
reach, DCF with a dispersion of -1365 ps/nm were placed. A first EDF amplifier (OA_c,
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Fig. 7.11.Experimental PON setup. The RN provides remote amplification in the C+L band to
provide two wavelengths at the ONU for downstream reception and upstream modulation.

OA\ L) with 5m of HE980 (or iXF-FGL for the L-band wavelength) and a low noise
figure is used before the booster amplifier (OAgc, OAg). A C/L splitter then combines
both wavelengths. A ring with 50 km of standard single mode fiber (SMF) connects RN
and OLT. For simplicity, a single fiber ring is implemented. The 6 km SMF drop fiber
was put after the 1:32 splitter to keep the RB low as no means of mitigation were
utilized, and the high launched power from the RN to overcome the high splitter loss
would lead to a low Optical Signal-to-RB Ratio (OSRR) considering also the limited
gain of the ONU and the resulting low upstream power level.

At the ONU, a SOA with a small signal gain of 21 dB, centred in the C-band
serves as preamplifier and booster, providing still 16.4 dB of gain in the L-band. The
ONU has further a detection path, where a photo detector receives the downstream
signal, and a remodulation path where a reflective modulator imprints the upstream on
the incoming optical carrier. Both paths in the ONU are separated by a C/L waveband
splitter and were further swapped by changing the output ports of the C/L splitter to
show that they have in principle no preferred waveband. Although the L-band
wavelength will miss gain in the SOA, the REAM that was used for remodulation was
designed for the L-band where it has a slightly better performance in terms of ER and
intrinsic loss. It was biased at -1.4V and -1.9V for the C- and L-band to achieve its
optimum point of operation, and modulated with 3.5 V, at a data rate of 10 Gb/s with a
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PRBS of 2'-1, leading to an ER of 14 and 18 dB. With the intrinsic REAM losses of 15
and 11 dB, no cross gain modulation between down- and upstream was observed in the
SOA, even with a bias of 200 mA. A PIN diode with a sensitivity of -18.5 dBm was
used as detector in the ONU. For the Bit Error Ratio (BER) measurements, attenuators
(Ap, Ar) were placed to vary the input power into the ONU and the OLT receiver.

The high splitting ratio in the tree makes the signal power level and the OSNR
subject to strong dynamics along the transmission system, as can be seen in Fig. 7.12.
The power levels and/or OSNR for the C-(L-)band were 47.5 (46.6) dB after the first
amplifier (point A in Fig. 7.11), 6 (6) dBm and 44.5 (44.7) dB after the booster (B), 4.9
(2.6) dBm and 39.5 (41.1) dB at the tree interface of the RN (C), -13.3 (-15.4) dBm at
the ONU input (D), 35.4 (35.8) dB after preamplification (E), 2.5 dBm (-1.8) dBm and
34.1 (33.4) dB after being remodulated and boosted (F), resulting in a net gain of the
ONU of 15.8 (17.2) dB, and -3.7 (-9) dBm and 32.2 (32.6) dB when injected into the
upstream ring fiber (G). The OLT preamplifier (OApc, OApL) with a noise figure of 4
(4.1) dB (H) was followed by a 60 GHz bandpass filter and a PIN diode with a
sensitivity of -18.5 dBm. The OSRR at the tree was determined by the high splitting
ratio and the high net gain of the ONU. The downstream signal arrives with quite low
power at the drop fiber, and together with the relative high launched power from the
ONU the OSRR for the upstream is higher than 40 dB for the C- and also for the L-band
wavelength. However, the downstream transmission is more critical as the upstream that
is boosted by the ONU will cause a significant distortion for the downstream due to RB
in the drop fiber. The downstream OSRR for the C- and L-band wavelength was ~21 dB,
but will not cause BER floors above 10-10 as will be proven later in this section.

509 | DS RX - 20
45 s
40
10 —
351 E
€ -]
S 30 A 5
S z
=~ o
o 25 - {o 2
2 ©
g =)
c%20- L5 5
o
15 -
-10
10 4
5 - T .15
— signal ewolution -17. —
0 = : 2 20
g 9 gmzuze £ gusw 2 =
B8 0 2922 529302 ¢ £282 & 7
29 = 5 TMoZ c>»g>C FZTho = 2
3z 3 =S o 2oo o> £ 35 @
°- @ - 537 g¢ = = 3 2
OLT-TX RN 2 o RN )
DS pass S 2 US pass OLT-RX

ONU
Fig. 7.12.Evolution of OSNR and signal power for C- (solid) and L-band (dashed line) along the PON for
downstream and upstream.

The net gain of the RN, defined between the ring and the tree interface for the
downstream or vice versa for the upstream, is 10.2 (7.9) dB for the downstream and
12.6 (8.0) dB for the upstream. Looking at the drop amplification of the downstream,
the EDF of the C-band wavelength already becomes saturated for the downstream
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amplification while the EDF for the L-band wavelength does not due to the higher drop
losses from the ring. The upstream gain in the RN benefits from the limited net gain in
the ONU, which causes low input powers for the EDFs. Slightly higher gain values can
be therefore obtained even for a lower pump. However, this unsaturated gain conditions
are gathered at the cost of another 3.2 dB of OSNR degradation, which could be
avoided with increased ONU net gain.

Consequently, most problematic in the PON is the high loss in the splitter, as
there is a high OSNR degradation in the consecutive amplifying stage due to its low
input power. Especially for the downstream this is critical as the SOA has a high noise
figure of 6.4 (6.6) dB in addition. Keeping several input power levels moderate at the
input of the amplification stages along the way from the modulator at the OLT
transmitter towards the ONU, the ONSR stays at a high level but is also vulnerable to
noise that is accumulated at the following amplification stages. The preamplification in
the SOA of the ONU degrades the input OSNR therefore by 4.1 (5.3) dB. However, the
OSNR for the downstream detection is high enough to have acceptable sensitivities for
the downstream detection, as can be seen in the BER measurements shown in Fig. 7.13.
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Fig. 7.13.BER curves for full-duplex 10 Gb/s downstream (DS, hollow
markers) and 10 Gb/s upstream (US, filled markers) transmission. Single
ended arrows indicate the reception margins for a reach of 56 km and a split
of 1:32 in the tree. Dashed lines correspond to the back-to-back case, while
solid lines indicate the presence of ring+tree fiber. A,e markers show
measurements in the C- and L-band, respectively.

The sensitivity for a BER of 10™° in the back-to-back case, where the ring+tree
fibers were replaced by their equivalent attenuation, is -24 and -24.3 dBm for the C- and
L-band wavelength, respectively. When fibers and DCFs are added, an additional
penalty of 3.6 and 3 dB is obtained. Therefore, a power margin of 5.4 and 5.9 dB is
obtained for a BER of 10™'°, large enough to cope for additional splices and other
unforeseen losses that may arise over time in a PON.

The upstream sensitivities for the C- and L-band are -30.2 and -30.3 dBm for the
back-to-back case and a penalty of 4.6 and 2.8 dB is caused when fiber and DCFs are
used. Nevertheless, for a BER of 10™° power margins of 10.9 and 7.5 dB for the
upstream are provided even without additional error correction techniques.
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The obtained margins could be used to increase split or distance further. The
sensitivity of the downstream which is limiting this extension in split or reach, would
allow to increase the splitting ratio in the tree to 1:64 or an increase in reach of about 25
km. If Forward Error Correction (FEC) with an acceptable BER of 10 is taken into
consideration for the ONU receiver, the margin would increase to 8.4 and 9.1 dB for the
C- and the L-band wavelength (Fig. 7.13). This in turn would then allow increasing the
splitting in the tree up to 1:128 or the distance by 40 km.

7.3.3 Conclusion

An RN design for dual waveband operation, which satisfies the requirements of
an extended reach and high split WDM/TDM-PON, has been characterized. Depending
on the waveband, a net gain of 8-12 dB was obtained next to incorporating dual
wavelength drop functionality and resiliency for the ring-based PON. Despite the
reduced OSNR of 32 dB at the OLT receiver, error-free operation can be obtained with
a margin of 5-10 dB for C- and L-band, whereas the downstream transmission has been
shown to be more critical

With the covered wavelength range from 1530-1563 nm in the C- and 1570-
1600 nm in the L-band, in which sufficient gain can be provided for the given power
margins, a PON with data transmission on 32 wavelengths in each waveband can be
considered, serving with a splitting ratio of 1:32 in the tree altogether 1024 users with a
full-duplex data transmission of up to 10 Gb/s. Together with the nominal reach of 56
km for the PON, a capacity-length product of 17.9 Tb/s km is provided.

When the margins are eroded for the benefit of increasing the splitting ratio or
the reach, a split of 1:128 or additional 40 km of distance can be provided when error
correcting codes are utilized at the downstream receiver.



Chapter VIII
Dispersion compensation
in optical networks

In this chapter, we present the study of the dispersion imposed restrictions on a
WDM/TDM PON. In the first part, we examine the operation of the transmitters and
how the laws of physics applied both on the light sources and propagation mean explain
the dispersion on the network. Next, we present two possible tools to help combating
these limitations, namely, dispersion compensation fiber and electronic equalization.
Then, an experimental study performed with the use of those two dispersion
compensating mechanisms on a WDM/TDM PON is presented, along with the relevant
results, some comments and conclusions on them.

8.1 Dispersion, source induced chirp and fundamentals of
equalisation

An optical signal becomes increasingly distorted as it travels along a fiber. This
distortion is a consequence of intramodal dispersion and intermodal delay effects. These
distortion effects can be explained by examining the behavior of the group velocities of
the guided modes, where the group velocity is the speed at which energy in a particular
mode travels the fiber. Intermodal dispersion or chromatic dispersion is pulse spreading
that occurs within a single mode. The spreading arises from the finite spectral emission
width of an optical source. This spectral width is the band of wavelengths over which
the source emits light. It is normally characterized by the root-mean-square spectral
width a,. Laser diode optical sources have a spectral width of typical value of 10 [100].

In this study we have tested the behaviour of two different transmitters in a
WDM/TDM PON. Namely, a distributed feedback (DFB) laser source, externally
modulated by a Mach-Zehnder modulator and an integrated DFB - Electroabsorption
Modulator (EAM), have been examined. One of the characteristics strongly affecting
the performance of the transmitters is the laser frequency chirp. The fundamentals of the
modulators operation are described below.

The MZM is configured as an interferometer, thus it is referred to as Mach-
Zehnder Interferometer (MZI). It uses two separate beam splitters to split and
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recombine the beams, and has two outputs. The optical path lengths in the two arms
may be nearly identical or may be different, e.g. with an extra delay line. In one state,
the signals in the two arms of the MZI are in phase and interfere constructively and
appear at the output. In the other state, applying a voltage causes a m phase shift
between the arms of the MZI, leading to destructive interference and no output signal.
The chirp can be controlled very precisely in such devices.

The EAM can be fabricated with the same material and techniques used to
fabricate semiconductor lasers. This allows the EAM to be integrated along with a DFB
laser in the same package, which results in a compact and low cost solution. The EAM
uses a material such that under normal conditions, its band gap is higher then the photon
energy of the incident light signal. This allows the light signal to propagate through.
Applying an electric field to the modulator, results in shrinking the band gap of the
material, causing the incident photons to be absorbed by the material. This effect is
called Franz-Keldysh effect or Stark effect [101].

The chirping parameter can be estimated by the following expression [102]:
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Where, Ang is the change of the real part of the refractive index, which happens with the
change of absorption coefficient, when electric field is applied. Aa is this change of the
absorption coefficient. Two effects cause the phase response or chirp of the device. The
modulator section presents some transient chirp due to the fact that the refractive index
of the medium where the light is propagating changes when it is modulated. If the
modulator were isolated from the laser section, there will not be other chirp effects. But
due to reflections in the laser modulator interface there is some optical feedback that
affects the laser behavior although it is being operated in CW mode. In particular,
optical feedback causes a change in the threshold carrier density of the laser that
originates a modulation in the effective refractive index of the laser section and a
change of the lasing wavelength. This leads to some extra transient chirp and adiabatic
chirp. Transient chirp is the responsible of frequency variations when the output optical
signal changes and adiabatic chirp represents a change in the optical emitted frequency
for different power levels (marks and spaces in a digital signal).As mentioned already,
this is the main cause of dispersion in an optical fiber network.

The dispersion management is a way to ameliorate the performance of an optical
fiber network, thus expand its dimensions. This objective can be reached with several
techniques. Two of the ways to reduce the impact of chromatic dispersion, are, using
external modulation in conjunction with DFB lasers and chromatic dispersion
compensation. In this experimental study and in this thesis we have tried to combine
those two factors. We have combined an externally modulated source, as well as an
integrated one, with dispersion compensating fiber and electronic equalization. The
principles of electronic equalizers and more specifically of the model used are presented
subsequently.
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8.2 Dispersion compensating fiber

The dispersion of a transmission fiber can be compensated with sections of fibers with
different designs or with other optical elements. Dispersion compensation modules
(DCMs) can contain, e.g., long pieces of dispersion-shifted fibers.

Dispersion-shifted fibers have modified waveguide dispersion so as to shift the zero
dispersion wavelength into the 1.5-um region. This is achieved by modifying the
refractive index profile of the core. Common index profiles of dispersion-shifted fibers
have a triangular, trapezoidal or Gaussian shape. There are also dispersion-flattened
fibers with relatively constant group delay dispersion over some wavelength range, i.e.,
low higher-order dispersion. They can, for example, exhibit near zero dispersion in the
telecom C band. Such fibers are important for data transmission with wavelength
division multiplexing and for adiabatic soliton compression. They often have a W-
shaped profile of the refractive index, although profiles with a graded index and
multiple steps have also been developed. In this study we have used, 2.39km of a DCF
with a total dispersion compensation value of -680ps/nm, corresponding to around
40km of SSMF.

8.3 Electronic equalizer

Electronic dispersion compensation can be used to counterbalance the accumulated

yik]
Fig. 8.1.The structure of an FFE

dispersion increasing the transmission length of the system. The scheme can be adaptive
to the total dispersion depending on the transmission distance. As mentioned already in
chapter four, there are three main architectures for ECE and the most basic scheme is
the FFE (Fig. 8.1). In this structure, after the optical-to-electrical conversion a FIR filter
is added to the transmission line. The filter has several stages. Every stage, consists of a
delay element, a multiplier and an adder. After every delay element, an image of the
non-delayed input is multiplied with a coefficient and added to the signal. The number
of filter stages used and the coefficients chosen are essential for effective dispersion
cancellation. Automatic control of the filter coefficients is crucial.
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A second approach is the DFE appearing in Fig. 8.2. This structure is an FFE
with a second FIR filter added to form a feedback loop. Again, the coefficients of both
filters require active control. Today's integration levels, permit either FFE or DFE to be
built into a clock-data recovery or demultiplexer chip, with an extra power requirement
of about 500 mW.
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Fig. 8.2 The structure of DFE. {CDR: Clock and data recovery module,
ISI: Intersymbol Interference}

The tap coefficients of the filter are calculated and adjusted in an adaptive
operation according to an algorithm that runs in parallel. The purpose of this is the
minimization of the error. The type of the algorithm and more significantly the way that
this algorithm is optimized, are particularly important in order to minimize the error and
enhance the transmission properties of the system. Training and decision mode are the
operating modes of the adaptive equalizer. During the training mode the algorithm
adjusts to the channel characteristics and calculates the filter taps to compensate for the
introduced impairments. In the decision mode, small variations in the taps allow for the
compensation of the time varying effects of the channel. The LMS algorithm is the most
common algorithm used, in order to calculate the taps. The goal of that algorithm is to
minimize the MSE between the desired equalizer output and the actual equalizer output.
It is controlled by the error signal which is derived by the output of the equalizer with
some other signal which is the replica of transmitted signal. The DFE version of the
equalizer is a non- linear process that uses the same algorithm but subtracts the
interference by the already detected data offering advanced performance characteristics.
In this study, the examined EDC, is a FFE-DFE integrated circuit.
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Fig. 8.3.Digital implementation of MLSE. (ADC: Analog — to digital converter)

8.4 Experimental study

Our suggested WDM/TDM PON architecture considers the use of reflective ONUs at
the end users, in order to achieve colorless operation. This in general can be achieved
either with the use of a dedicated CW signal fed by the optical line terminal (OLT)
[103] — [105] or by re-modulating the down-stream propagated signal. In the former
case the maximum achievable performance of the reflected ONUs is exploited but
bandwidth utilization is reduced to half since each TDM PON tree requires two
wavelengths. Furthermore the CAPEX of the network increases as the number of the
required optical sources is higher. . In the latter case, the upstream signal is modulated
on top of the downstream signal, which in turn must have an increased DC power level
(i.e. low extinction ratio (ER)), in order to assure an adequate power level at the ONU
for re-modulation [105] and to avoid residual crosstalk on the up-stream data. The
increased DC bias corresponds to an increased optical power offset being applied to the
downstream signals. Despite the optimized bandwidth utilization, due to the use of a
single wavelength for upstream and downstream transmissions, the transmission
performance of the downstream signal must be intentionally reduced, in order to allow
the re-modulated upstream signal to be transmitted efficiently. Therefore, despite the
optimized bandwidth utilization, due to the use of a single wavelength for upstream and
downstream transmission, the transmission performance of the downstream signal is
significantly reduced.

Evidently, and as it has been studied in [105], there is a compromise between the
downstream ER and the overall transmission distance that can be achieved. When the
ER of the downstream signal is reduced, the performance of the re-modulated upstream
signal is increased. At the same time the performance of the downstream signal is
reduced. By applying certain performance improvement schemes, either in the optical
[106] or electronic domain [107], or both combined, the performance of the downstream
signal with reduced ER can be significantly increased. In this case, an upstream signal
with increased performance can be generated after re-modulation. It is noted that latest
advances in coherent modulation systems are applied in PONs [108], however, due to
the extensive use of electronics that is required, such schemes are still too expensive to
be complemented at the ONU.

The general purpose of the work performed, is to study experimentally, different
transmission performance improvement methods applicable in 10Gb/s optical signals,
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with typical and reduced ER values, generated by two different types of transmitters,
with different chirp characteristics. More specifically, a MZM and an EAM type of
transmitter have been considered and operated at two different sets of driving voltages,
resulting in ER values of 3dB and 9dB. The signal improvement methods considered
were based on: a) the use of fixed dispersion compensation fiber able to compensate for
half the maximum transmission distance, b) the use of electronic equalization and c) the
combination of the aforementioned techniques. The performance was evaluated for
typical, moderate and long reach PON applications up to 100km, for both types of
transmitters and ER values and for all the signal improvement methods.

The two values of ER that have been considered in this study (3dB and 9dB), are
proven to be appropriate for use in WDM/TDM PON in combination with colourless
ONUs. First, a signal modulated with a high value of ER, namely 9dB, was tested in the
testbed created. This signal could be used in combination with a CW dedicated to
upstream remodulation. The value of ER =9dB has been shown to be appropriate for all
optical cancellation in the case of colourless ONUs, as in [109]. Second, the case of low
ER, namely 3dB, is shown to be ideal for efficient signal remodulation [106], but also
for the more advanced feed forward cancellation method presented in [110].

In the case of the 3dB ER, the reduced receiver sensitivity, due to the poor
downstream signal quality, becomes a major issue in long reach PONs, mainly because
of the chromatic dispersion penalty. This penalty can be mitigated with the use of either
DCF, or electronic dispersion compensators (EDCs). In long reach PONs, due to the
specific network design considerations and in order not to increase the signal power
losses, it is possible to use the DCF as pre-compensator at the OLT side of the PON,
providing partial compensation around half of the maximum transmitted distance. The
wide operating bandwidth of DCFs allows the sharing of the DCF module among all
users in a WDM/TDM PON, reducing significantly the additional cost per user. On the
other hand, EDC can be used only as post-compensator, at the receiver side; therefore it
must be included at each ONU increasing its cost. However, EDC offers adaptive
dispersion compensation with respect to the transmission distance and optimizes the
transmission performance particularly for long distances. The extra cost of the EDC can
thus be counterbalanced by the consequent reach extension of the PON. It should be
noted that currently, WDM/TDM PONs (e.g. Next generation PONs-NGPONZ2) use
tunable filters in ONUSs as an alternative way to achieve colourless operation, we have
taken under consideration though, that a possible increase in the number of wavelengths
used, could render the use of RSOA, more cost effective.

In the case of the 9dB ER signal, the behaviour of the network is intensely
affected by the existence of chirp. When no chirp is present, it is possible to reach the
maximum distance using no means of signal improvement. Overall, it has been
observed that with both transmitters — regardless of the chirp- the application of such
methods evidently offers a much more uniform behaviour in terms of OSNR vs. BER
for several lengths of the network. Therefore it is apparent that, from a practical point of
view, the design of a long reach PON with improved performance can become
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problematic when transmitters with different chirp characteristics are considered. In this
work, the performance of 10Gb/s MZM- and EAM-based sources, operated at two
different low-driving voltages (resulting in 3 and 9dB of ER correspondingly),
considering additionally, both, the aforementioned dispersion penalty and the
improvement methods of partial pre-compensation with DCF and adaptive post-
compensation with EDC, is practically evaluated.

8.4.1 Experimental set-up

The complete experimental setup for all the examined cases is shown in Fig.8.4. The
two types of low-driving voltage sources examined are:

10Gb/s PPG
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PRBS: 231-1
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Fig. 8.4. Experimental set up for the performance evaluation of low-driving
voltage DFB-MZM and DFB-EAM transmitters, over 0 to 100km links and
for two dispersion compensating schemes DCF partial pre-compensation
and FFE-DFE post compensation

a) An externally modulated DFB -by the use of a MZM- source, operating at
1541.35nm with peak-to-peak voltage (Vp.p) of 1.2V and amplifying bias voltage (Vpias)
of 1.3V, being applied at the MZM for the 3dB ER and 2V of Vp.p with 1.3V of Vg, t0
achieve 9dB ER.

b) An integrated DFB-EAM source, emitting at 1539.46nm and being driven at the
EAM section via an external bias-T at 530mVp_p and Vyiss Of - 2V for 3dB ER and at
2Vp.p With Vyiss of -1.7V for 9dB ER. A 9.952Gb/s signal with 231 long PRBS pattern
was used and was launched directly by the pattern generator to the modulators,
without the wuse of electrical amplifiers. The Vpp and Vyigs values in each case
resulted in optical signals of 3 and 9dB ER. The signals are then launched on variable
lengths of standard single mode fiber (SSMF), ranging from Okm (back-to-back (b2b))
to 100km. The launch power was fixed at 6dBm in all cases. Before the receiver, an
OSNR emulator is used, consisting of a variable optical attenuator (VOA) and an EDFA,
in order to alter the level of OSNR for the measurements and emulate the extender box
or remote amplification process in long-reach PONs. At the receiver end, the signal was
filtered with a 0.8nm Gaussian filter and received by a p-i-n photodiode (PIN) followed
by a trans-impendence amplifier (TIA). The receiver input power at the PIN was always
adjusted via an optical attenuator at -10dBm. The two compensating schemes
considered are indicated with the grey shaded areas in Fig.1. For the case of partial
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optical pre-compensation, a fixed length of DCF was used before the booster EDFA at
the output of the OLT, with a total dispersion compensation value of -680ps/nm,
corresponding to around 40km of SSMF. For the case of post-compensation with EDC,
an integrated 5-tap FFE and a 2-tap decision-feedback equalization DFE circuit was
used and controlled by properly adjusting the taps for optimum BER. A BER tester was
connected, either directly on the PIN-TIA output, or the EDC output for the cases of
DCF- and EDC-based compensation, respectively. The reference clock for the
measurements is provided either via an external clock recovery circuit, or directly by the
EDC circuit, depending on the compensation method.

Finally, it should be noted that in the results, presented next, the performance
has been studied in terms of BER versus OSNR, since in long-reach access-metro
networks, the use of amplification (either with remote amplification schemes [103], or
with optical amplifiers [104]) is considered in the network. In these cases, the power
budget issues are resolved, but the input signal level in the amplification sections, as
well as the type of amplification, affect the signal’s OSNR.

8.4.2 Results

For nearly zero-chirped, externally modulated sources (DFB-MZM), the increase of ER,
highly decreases the required OSNR (ROSNR), for an error-free transmission without
FEC (BER=10") [111], as can be seen in Fig.8.5.
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Fig. 8.5. BER vs. ROSNR for BER=10" for zero chirped DFB-MZM

transmitter in the cases of: no dispersion compensation, DCF only, EDC

only, DCF and EDC when signals of 3 and 9dB ER are transmitted
Even though in commercialized 10Gb/s PONs the use of FEC is nowadays mandatory,
in our effort to give a complete study of the behaviour of the system, performance for
both BER=10"° and BER=10" has been investigated. Moreover, in Fig.8.5 we observe
that when no compensation or equalization is applied, error-free performance is possible,
with an ER of 9dB, for lengths that it was impossible with an ER of 3dB. With the use
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of DCF, for ER=3dB, high ROSNR values such as 32dB were observed for very long
distances such as further than 50km, while for ER=9dB any distance up to 100km is
possible with a ROSNR value less than 21dB. For the 3dB ER signal, the DCF
decreases the ROSNR in the case of 50km transmission length, which is expected, as
the value of the DCF has been chosen to compensate for half the maximum SMF length,
but in all other cases it does not offer a substantial improvement. In fact, the extra 40km
of fiber that the signal has to propagate through, cause attenuation, this results in higher
ROSNR. In the case of 9dB ER, partial pre-compensation by using DCF, improves
system performance for all distances up to 100km. With electronic compensation (EDC)
for ER=3dB and up to 75km, system performance improves significantly -more than
5dB- while for ER=9dB, no performance improvement is observed in comparison with
the use of partial DCF compensation. With combined partial DCF and EDC,
independently to the operating ER, the system becomes almost dispersion independent,
manifesting just about the same performance for all distances between 0 and 100km
both for 3 and 9dB of ER. The reduction in the ROSNR, when the ER increases from 3
to 9dB, in this last scenario, is about 6dB.
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Fig. 8.6. BER vs. ROSNR for BER=10" for chirped DFB-EAM transmitter in
the cases of: no dispersion compensation, DCF only, EDC only, DCF and
EDC when signals of 3 and 9dB ER are transmitted
The results collected for the chirped DFB-EAM transmitter appear in Fig.8.6. It
is noticed that i) when no means of signal improvement are used, the lower ER helps
achieving a more constant operation compared to the high ER, whilst ii) when means of
signal improvement are applied, the performance of a high ER is evidently better and
clearly very efficient when the combination of EDC and DCF is applied on the
transmission of the signal. As it has been remarked in [112] and as one can observe
from the results, there is a trade-off between a high ER and dispersion control. This is
most obvious in the case of no dispersion compensation or equalization. With the
generated chirp and without any compensation, it is noticed that an error-free
performance is possible only for link lengths up to 50km. The performance improves
first with the distance and starts degrading after 25-30km indicating that the utilized
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EAM has a negative chirp. In the case of high ER, the chirp dependent power variation
caused by the reflections in the fiber, generates interference that gives a reduction in the
eye-opening at the receiver [10], which proportionally, is larger then in the case of the
low ER. Therefore, the dispersion penalty is larger on the high ER signal, than on the
low ER one. When DCEF is used, the performance improves for long distances in the
range of 50km for both ER values, but performance for short distances is degraded. It is
detected that no error-free transmission (BER=10°) can be achieved for very long
distances such as 100km. The reason is, that the applied DCF compensates for half the
maximum SMF length, therefore the cases of 0 and 100km namely, are the ones with
the worst performance. When EDC is used and ER=3dB, there is no actual benefit in
comparison to partial dispersion compensation, except some limited improvement for
very long lengths. When the signal has an ER of 9dB, there is significant performance
improvement, allowing error-free transmission over any distance up to 100km with a
ROSNR lower than 30dB. Finally, when partial dispersion compensation and EDC is
combined, there is a small performance improvement for the case of the 3dB ER and
larger improvement for the case of the 9dB ER.

TABLE 8.1

Mean value of ROSNR decrease (dB) for the several
transmission lengths to achieve a BER of 10°°

Decrease of ROSNR when ER increases from 3 to 9dB

DFB-MZM DFB-EAM
NoDCF 12dB
DCF 14dB 7dB
EDC 7dB 4dB
EDC&DCF 6dB 2dB

A part of the significant findings are reported in Tables 8.1, 8.2 and 8.3. Table
8.1 represents both transmitters’ decrease of the ROSNR for an error-free transmission,
when the ER increases from 3 to 9dB. The values chosen are the mean ROSNR values
in all transmission lengths and in each case. The DFB-EAM, due to the inability to
reach a BER of 10”° without the use of signal improvement means, has no value in the
first row. Additionally, what has been detected regarding the shift of the ROSNR when
the ER increases, is that it can reach even 12 dB in the case of no dispersion
compensation or equalization and 14dB in the case of DCF use. The second value is
larger in this case, as the use of DCF causes considerable attenuation on the 3dB ER
signal which is not the case when the ER increases.

TABLE 8.2

Spread of the ROSNR (dB) for the several transmission lengths to
achieve an error free signal without FEC (BER=10")

ROSNR spread
ER 3dB 9dB 3dB 9dB
DFB-MZM DFB-EAM
NoDCF 4dB 15dB 0.8dB -dB
DCF 4dB 2dB 25dB -dB
EDC 5dB 1dB 4dB -dB

EDC&DCF 1dB 0.1dB 6dB 5dB
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It is observed, that the two values of ER have less difference in ROSNR for error
free performance when EDC is used, either alone, or in combination with DCF. In the
case of no dispersion compensation or equalization, as the spectrum is broadening due
to dispersion, the receiver sensitivity worsens; therefore the increase of ER has a
significant impact on the ROSNR for DFB-MZM. For chirped DFB-EAM, the spectral
broadening, when no dispersion compensation is applied, is so intense, that an error-free
signal was impossible to be achieved. The behaviour of the system, thus the
considerable decrease of ROSNR in the case of dispersion compensation is due to the
use of partial compensation scheme with affixed DCF that corresponds to the full
compensation of 40km of SMF, for the case of DFB-MZM but not for the case of DFB-
EAM, due to its negative chirping. Moreover, the combination of DCF and EDC proves
to give a homogenous behaviour on the transmission system even in the case of varying
the ER, as from the results one can see that the decrease of ROSNR is rather small when
compared to all the other scenarios.

TABLE 8.3
Spread of the ROSNR (dB) for the several transmission lengths to achieve an error free
signal with FEC (BER=10")
ROSNR spread

ER 3dB 9dB 3dB 9dB
DFB-MZM DFB-EAM
NoDCF 25dB 4dB 4dB 45dB
DCF 2dB 1dB 15dB 4dB
EDC 2dB 1dB 15dB 2.2dB
EDC&DCF 1dB 1dB 3dB 0.7dB

Finally, DFB-MZM as well as DFB-EAMSs have an optimum ER which is ideal
for achieving the least dispersion in long distances transmission, therefore the lower
dispersion power penalty for long distances. It is detected from the results presented,
that the DFB-MZM has a larger optimum ER while the chirped DFB-EAM has a low
one. So, as one can see on the left column, for the DFB-MZM there is a larger decrease
of ROSNR than on the right column of the DFB-EAM. Table 8.2 depicts the spread of
ROSNR, for error-free transmission without FEC (BER=10"), along the several
transmission lengths, for 3 and 9dB of ER and for all scenarios for both transmitters.
The values of DFB-MZM ROSNR for BER=10°, when no means of dispersion
compensation or equalization are used, have a spread of 4dB for ER=3dB and 15dB for
ER=9dB. These spread values strongly decrease when the dispersion is compensated
and the signal equalized. As observed in Table 8.2, for both values of ER, the spread in
the case of combined use of EDC and DCF takes a value of 1 and 0.1dB
correspondingly, which means that the performance of the system can be easily
predicted. In the case of DFB-EAM, due to the high chirp, an error-free performance
could not be achieved for ER=9dB in any other case, then in the combined use of DCF
and equalization.

On the other hand, as far as the evaluation of the system in the case of FEC use
is concerned, in Table 8.3, where the ROSNR for BER=10" is presented, it is indicated,
that the spread of ROSNR is smaller for the 9dB ER signal of the DFB-MZM in all
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cases, but the one where no dispersion compensation or equalization are being used.
Evidently, this combination of transmitter and ER offers a very good solution in terms
of behaviour predictability. The DFB-EAM modulated with 9dB ER, has in most cases,
a large spread of ROSNR, while it is depicted that, in the case of application of both
dispersion compensation and equalization, it displays the most homogenous behaviour
of all the combinations of transmitters, ERs and signal amelioration techniques.
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Fig. 8.7. ROSNR vs transmission length for DFB-MZM transmitter for the
cases of: i) BER=10" and ii) BER=10"°

From Fig.8.7., where the ROSNR for error-free transmission i) with and ii)
without FEC correlates with the DFB-MZM signal transmission length, it is observed
that the most homogenous behaviour is the one of the 3dB ER for a BER of 10 when
no dispersion compensation is applied, while requiring the highest OSNR. In the case of
FEC usage, the best performance is depicted for 3dB ER when the use of DCF is
combined with EDC, while in the case of 9dB the combination of the two signal
improvement techniques gives the more stable behaviour and overall provides one of
the less requiring solutions in terms of OSNR. In the case of ROSNR for BER=10" the
same observation can be made. Once more, the combination of DCF and EDC offer the
best performance and the most stable ones, both in the case of 3 and 9dB. This time
though, the numerical difference between the ROSNR is much less —in the order of
6dB- than in the case of 10°-BER.
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In Fig.8.8., the corresponding results are depicted for the DFB-EAM transmitter.
In 5i) the required OSNR for an error free transmission with the use of FEC (BER=107),
versus the transmission length is presented, for signals with ER of 3 and 9dB. The
scenarios examined are the following: a) no dispersion compensation, b) only DCF fiber
is applied right after the transmitter; c) only equalization takes place in the receiver’s
end d) DCF in the transmitter and EDC in the receivers end are combined. In 5ii) the
results for the same signals and the same scenarios, but for achieving an error-free
transmission of BER=10", are presented. As one can see in 8.8i), the 10 BER can be
achieved with both ER in some scenarios. Furthermore it is observed that the response
of the system, despite the chirp of the transmitter can be easily predicted due to the
homogenous behaviour presented, especially when equalization is applied. Once more
the best performance is achieved with the combination of EDC and DCF for the 9dB ER.
The required OSNR is quite low in this case, varying around17dB. In 8.8ii) one can
observe that the induced chirp makes impossible for the EDC to lock in a frequency
allowing the taking of the measurements. The dispersion caused due to the chirp is so
strong, that it is not achievable to take measurements for any other case then the case of
3dB and no dispersion compensation or equalization.

8.4.3 Conclusions

The results have shown that the behaviour of the network depends on two very
important parameters. The first is the chirp of the transmitter and the second one the
value of the ER. The different signal improvement methods contribute differently in
each case. The best combination, as it can be seen in Fig.8.4 and Fig.8.5, is the one of
9dB ER with DCF and EDC regarding signal improvement, which offers a dispersion
independent uniform behaviour and an error-free performance at all lengths up to
100km with an OSNR value of up to 20dB. The 3dB ER with the same improvement
method is a lower energy consumption solution that requires up to 26dB OSNR.
Moreover, it has been observed that the transit from ER=3dB to ER=9dB causes a
significant decrease on the ROSNR, which especially when no means of signal
improvement are used, or when low cost (due to its attribute of being shared among end
users) DCF is used, can reach even the 14dB. In other words, even when the lowest
CAPEX solution is chosen, with a very small change in the value of driving voltage, the
quality of the transmission can significantly improve. On the other hand, the choice of
combining DCF in the transmitter (OLT) and EDC in the receiver (ONU) gives a very
constant behaviour for all different lengths, therefore it can be easily suggested when
the standardization of a PON is the main target. Finally, the combined use of EDC and
DCF can help improve the transmission by a range of 10dB of ROSNR which is
translated into cost savings.



Chapter IX

Combination of in-line
and extended band and
equalization for WDM/TDM
PON

The combination of all the techniques used throughout this thesis, for the optimization
of a WDM/TDM PON, was realized in the framework of an experimental study. The
scope of this experiment was to use all the designs and solutions studied up to now into
one implementation, in order to achieve the maximum performance possible. In this
sense, the in-line amplification by means of remotely pumped EDFAs was combined
with C + L band operation of the WDM/TDM PON. For this reason a special C + L
band remote node was designed and mounted. Raman amplification was used for the
upstream signals and the use of equalization was studied in the downstream signals. The
first paragraph of chapter 9 gives an outline of the WDM/TDM PON design examined.
In the second paragraph a description of the experimental set up is given, while in the
third part the results of the study are presented.

9.1 Technical description

A double-fiber ring WDM/TDM PON has been implemented. The design was based
on an existing ring-tree based architecture [1]. A number of signals emitting on both C-
and L-band were multiplexed with the use of an Arrayed Waveguide Grating (AWG)
and then launched into the downstream fiber. For the amplification of the signals, in-
line remotely pumped EDFAs were used. A pump laser emitting at 1480 nm was
launched in the upstream ring, so as to offer Raman gain to the upstream propagating
signals.
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to / from Ring

to / from Ring

Fig. 9.1.Remote node design operating in C + L band with the use of remote
amplification of EDFAs placed in-line with the propagating signals

The signals were dropped with the use of three-port thin-film filters before entering
the corresponding in-line remotely pumped EDFA. When this RN design (Fig. 9.1) is
used for the implementation of the WDM/TDM PON, the signal serving each tree needs
to have the adequate power to reach the furthest ONU of the tree, without receiving
extra amplification in the RN in which it is being dropped. In other words: if S; is the
signal being dropped in the first TDM tree and RN; the RN serving this tree, then the
signal S; will be dropped with the use of a filter, before entering the in-line EDFA
situated in this RN. This becomes clearer in Fig. 9.1.

OLT

RN3 RN1

RN2
25/50km 25km

Fig. 9.2. WDM/TDM PON design operating in C + L band with the use of
remote amplification of EDFAs placed in-line with the propagating signals
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On the contrary, the rest of the signals, namely S,, Ss, ...Sy that are dedicated to the
TDM trees Ty, T3, ... Tn correspondingly, will pass through the EDFA placed between
the two thin-film filters in the RN3, all of them being amplified simultaneously.

In this experiment we consider a double-fiber WDM ring with 3 RNs positioned in a
distance of 25km from the CO, 50km and 75km correspondingly, as they appear in Fig.
9.2. This design is transformed, in the worst case of a fiber cut (e.g. between the OLT
and RN; or RN3), into a 75km double-fiber WDM trunk. Furthermore, in an attempt to
extend the limits, a RN has been placed in a 100km distance from the CO for the last set
of measurements. The TDM trees have 6km reach and several splitting ratios have been
examined. The ONU receivers are implemented with the use of APDs and in some cases
the use of an integrated 5-tap feed-forward equalization (FFE) and a 2-tap decision-
feedback equalization (DFE) circuit is considered for the equalization of the signals.
The ONU transmitter is implemented with a continuous wave (CW) transmitter, a
REAM and an RSOA.

Pump

e oo
VOA '

Pump

Signal

DS Ring
>

Dual-fiber 1586
WDMRing

Fig. 9.3. Experimental set up used to test a WDM/TDM PON operating in C + L band
with the use of remote amplification of EDFAs placed in-line with the propagating
signals

9.2 Experimental set-up

The system investigated consists of seven laser sources emitting on the wavelengths:
1541.1, 1549, 1557, 1571, 1586.2, 1598 and 1600nm, correspondingly. Three RNSs,
especially designed for in-line amplification in both C+L band (Fig. 9.1.), where placed
in distances of 25, 50 and 75km, respectively, as can be seen in Figures 9.2 and 9.3.

As a maximum reach evaluation, a 100km WDM ring was tested. That was
implemented by increasing the distance between RN, and RN3 by another 25km. The
downstream signal is modulated at the CO on a CW signal with the use of a Mach-
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Zehnder modulator (MZM) at 10Gb/s, using a PRBS 2%-1. The downstream has been
implemented as continuous data stream. The modulated channels under study were
coupled together with the remaining wavelengths forming the dummy comb, using a 40-
channel AWG with 100GHz grid. The modulated channels were namely: one emitting
at 1549nm with 2.4dBm, one at 1557nm with 3.6dBm and one emitting at 1586.2nm
with 3dBm. The dummy comb consists of wavelengths of both C and L band. More
specifically, we have used the following wavelengths: 1541.1nm emitting with a power
of -0.6dBm, 1571nm emitting with 2dBm, 1598nm emitting with 4dBm, 1600nm
emitting with -4dBm. These signals have not been modulated, just multiplexed with the
3 modulated signals that were dropped in the 3RNs of the network. After the AWG a
C/L combiner splits both bands for the booster stage, where a dedicated booster for each
band is used. After the booster stage a C/L combiner is used to combine again both
bands and launch the comb in the downstream ring. A variable optical amplifier (VOA)
controls the total output power. The launch power was 4dBm per channel. No means of
dispersion compensation were used at the OLT.
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Fig. 9.4. ) Characterization of the EDF used in the amplification stage of the RN, for a) 3m, b) 5m of length
and 0dBm, 5dBm,10dBm of input power and various pump power values of 10dBm, 13dBm, 16dBm and
19dBm respectively

The dual fiber 75km WDM ring is made of 6 SMF spools of 25kms, 3 for downstream
and 3 for upstream. This set-up corresponds to a 75km trunk with 3RNs in the worst-
case resiliency scenario (i.e. fiber cut between OLT and RN; or RN3). The RN drop
channels are distributed as follows: 1549nm is dropped at 25km, 1586.2nm at 50km and
1557 at 75km. The TDM tree is composed by 6km of dual-fiber feeder to avoid strong
Rayleigh backscattering at the bidirectional tree. A VOA is used to emulate the splitter
stage between RN and ONUs.
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Fig. 9.5. ) Characterization of the EDF used in the amplification stage of the RN, for a) 8m, b)
15m of length and 0dBm, 5dBm,10dBm of input power and various pump power values of
10dBm, 13dBm, 16dBm and 19dBm respectively

An avalanche photodiode (APD) is used as the ONU receiver. The signals are
equalised with the use of an FFE-DFE equaliser in half of the measurements. As ONU
transmitter, a CW seed light was used in combination with a REAM and a RSOA. The
upstream was modulated at 10 Gb/s in order to demonstrate symmetric data
transmission. The upstream path is symmetrical to the downstream one. At the OLT
input, a WDM waveband combiner is used to inject the counter propagating remote
pump at 1480nm. The signal is then split in the two bands, C and L, with a C+L splitter.
A band-dedicated optical preamplifier is then used to enhance the reception sensitivity.
Finally, the channel under study is selected with the help of a tuneable optical bandpass
filter and detected by a PIN diode.

The RN is a key element in order to increase the reach of the proposed topology as
well as a key element for enhancing the resilience performance. The suggested design is
based on the SARDANA RN [1]. The add/drop functionality of the tree wavelengths
from the ring into the sub-RNs was performed with 3-ports thin-film add/drop filters,
while resiliency is provided by a 50/50 coupler (CR) that allows to receive and transmit
the data stream to both directions of the down- and upstream ring for the case of a fiber
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cut. Since a dual-feeder is used at the tree, no circulator is required at the RN to separate
downstream and upstream. This circulator can be rather found at the VOA emulating the
tree splitter. For the proposed RN design an in-line amplification approach has been
used in order to amplify the upstream or downstream signals. The EDF is placed
between the two thin-film filters, connecting both express ports, amplifying in this way
all the channels, except the one that is being dropped in the RN (Fig. 9.2).

When working with C- and L-band at the same configuration, the usual approach is to
split both bands using a C+L coupler and amplifying each band independently, with a
specific EDF for each one, as in [113]. This design has some drawbacks, such as an
increase in both the complexity and the cost of the designed RN by including C+L
splitters, as well as doubling the number of amplifiers requiring extra pump power. In
this experiment, this drawback has been overcome by the use of an EDF appropriate for
the amplification of both C- and L-band signals and the appropriate wavelength
allocation in the network. The wavelength allocation was performed by means of
appointing the right wavelength drop, according to the gain each frequency band
receives, while taking into account the distinctiveness of this RN design. This
distinctiveness lays on the fact that the wavelength dropped has received amplification
in the previous amplification stages, but needs to have adequate power to reach the
ONU of the RN in which it is being dropped, without receiving any extra gain in this
specific RN. In Figures 9.4 and 9.5 one can see the EDF characterization as a function
of the signal wavelength and the pump power at 1480nm, for four different EDF lengths
and four different signal power levels. As can be observed, even with low pump power
values such as 10 or 13 dBm, the EDF can provide gain in the whole spectrum of C+L
bands. From Figures 9.4 and 9.5 it is observed that the L-band signals receive less gain
than the C band ones, therefore we have dropped the one belonging in L band
(1586.2nm) in RNy, placed in the middle of the network, as in this case, the signal is
being amplified when going through RN; and on the same time does not need to travel
the whole distance of the network but a moderate one. The two signals belonging to C-
band are dropped as following: the one in RNy (1549nm) without going through any
amplification stage and the second in RNz (1557nm) going through two amplification
stages so as to ensure adequate power to reach the last ONU (at 100+6km). The
required gain is around 14dB in both EDFs (upstream and downstream) in RN; and RN,
while the launch pump power is 30dB and when reaching the two RNs it is 24dB and
17dB correspondingly. Therefore, from Fig. 9.4, we have chosen a 3m EDF for RN; and
5m EDF for RN, It is also observed, that with low pump power values the gain tilt is
rather flat, in contradiction with the case of high pump power such as 16-19dBm. Since
we are using a remote pump, this small tilt towards the C-band can be compensated by
the extra Raman gain expected for the L-band, as the maximum Raman gain will be
located at 1580nm when using a pump at 1480nm [114].

With the use of this elaborate network design, theoretically, the number of the users
can be doubled, by the use of both C and L bands, allocating the signals belonging to
the second one, to the RNs placed in the middle of the WDM ring. On the contrary, the
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signals belonging to C-band, that apparently receive more gain when going through the
several amplification stages, which is in fact accumulated, are allocated in the RNs
placed near the CO, which transform into the more distant RNs in the worst case of a
fiber-cut, as mentioned before.

9.3 Results

The MZM was operated at two different sets of driving voltages, resulting in ER
values of 3 and 10dB respectively. A value of ER =9dB has been shown to be
appropriate for all optical cancellation in the case of colourless ONUs in [109]. Second,
the case of low ER, namely 3dB, is shown to be ideal for efficient signal remodulation
[115], but also for the more advanced feed forward cancellation method presented in
[116]. Therefore, and based on these previous results, we have used two similar values
for the signal modulation.
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Fig. 9.6. BER vs. received power for a)RN1 (A=1548nm, 25km), b)RN, (A=1586.2nm, 50km), c)
RNz (A=1557nm, 75km), d) RNz (A=1557nm, 100km), in the cases of i)10dB ER and no EDC use,
if) 10dB ER and EDC use, iii) 3dB ER and no EDC use, iv) 3dB ER and no EDC use

In the results, presented in Fig. 9.6, the performance has been studied in terms of BER
versus received power. Measurements were taken in the ONU part for the following
cases. First we consider RN;, which is situated 25km away from the OLT, where the
wavelength of 1549nm is being dropped and the results shown in Fig.9.6 correspond to
an ONU situated 6km away from the OLT, therefore in a total distance of 31km from
the OLT. Next, an ONU of RN, at 50+6km with drop wavelength of 1586nm was
examined and subsequently we have examined RNz (1557nm drop wavelength) and its
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ONU for two different distances. In this framework, the RNj3 is situated 75km away
from the OLT (therefore its ONU is situated at 75+6km) and then with the use of 25km
of SMF, we place the RNj3 at a distance of 100km from the OLT (subsequently the ONU
is placed in a distance of 100+6km from the OLT).

Observing the results for the downstream propagation, it is obvious that the MZM
modulated signal has a better performance when modulated on a high ER [112], in this
case 10dB, than in the case of a low 3dB ER. Furthermore, the EDC equalizer offers a
decrease in the range of 3-5dB of required received power in order to have an error free
(BER=10"") performance.

One can notice in the results the existence of chirp even if we have used a MZM
modulator. As it has been remarked in [112] and as one can observe from the results,
there is a trade-off between a high ER and dispersion control. This is evident in the case
of 10dB ER and long distance (RN3-100km) where the dispersion effect in combination
with the small but existent chirp is so high that does not allow for acquiring
measurements while using EDC. On the contrary the 3dB ER signal arrives at the
106km with less dispersion as the chirp counteracts with the dispersion caused by the
propagation of the signal in the fiber. The behaviour of the 3dB ER signal, is again
anticipated as in the case of 25km and C-band signal, the EDC offers a small
improvement, but when moving in the 50km, without any dispersion compensation and
with a larger chirp parameter since the signal belongs in the L-band [117] we observe
that a) the results have a great difference from the 10dB ER ones, b) especially in the
case of no EDC the performance of the network is much lower and the EDC offers
good results in controlling the dispersion. Nevertheless, as can be observed from the
results and shown in [116], the use of EDC is not compulsory in order to achieve results
that can be used for proper remodulation while using RSOA in the ONU.

9.4 Conclusions

We have combined in an experimental set-up and an experimental study, the ideas that
have been examined throughout this thesis achieving to reach by means of in-line
amplification and C+L-band utilization, 106km in a WDM/TDM ring PON architecture,
adding this way 6km to our previous studies, while at the same time increasing the
number of users. The capacity of the network with the use of the C + L band and the
proper design in the sense of wavelength allocation can theoretically be doubled. This is
a subject for further investigation though. The special RN design has helped the
realization of this goal. The use of equalization has been examined and it does increase
the performance of the network especially in the case of a larger ER in a scale of 4-6dB.
Nevertheless, even the 3dB ER without the use of equalizer can offer an acceptable
performance, so the cost of an equalizer at least at the ONU part, can be avoided.
Further studies should take place for the examination of the equalizer at the OLT part.
The C+L band use can offer both an increase on the number of end customers as well as
the possibility in infrastructure proprietors to lease one fiber to more than one operator.
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The suggested design can render the network much more competitive, giving this way
an impetus to the whole technology.



Chapter X
Conclusions

This chapter summarizes the knowledge acquired throughout this thesis project and
presents suggestions for possible future work.

10.1 Conclusions

The aim of this study was to shed light on the economic and technical aspects of the
emerging technology of WDM/TDM PON FTTH networks. To evaluate, in terms of
cost, those networks position in the global telecom market; and to suggest as well as to
investigate ways to improve their performance.

A study on the economic and technical aspects of the FTTH networks, has shown that
the most cost effective solution is the one of WDM/TDM PON implemented in P2MP
architecture. More specifically, a model has been created that compares -using OSP,
active equipment and implementation cost- several architectures and technologies. The
possible implementations were presented along with some technical details on the FTTx
infrastructure and a description of the model. To give a more complete and thorough
estimation, we have compared the costs of different FTTx infrastructures. When
estimating the OSP cost of a FTTH metro network with EP2P on the access part with
the metro-access FTTH solution of WDM/TDM PON we conclude that there is a 40%
reduction when we choose the second option, while in the case of a FTTH metro
network with GPON the decrease is one of 20%. When we compare the overall cost of
the three FTTH implementations (OSP and active equipment cost) we end up in the
result that the PON 1s 20% less costly than the active solution while the WDM/TDM
PON has a maximum cost of approximately 2000€ in the most scarcely populated area,
while the prices decrease for every other population density. In general, it is evident that
the most cost saving technology in terms of OSP cost is the WDM/TDM PON. The
explanation for that is the competent use of the fiber resources, as the feeder and the
distribution part, is shared between a higher number of end-users than in any other
technology.

In continuance, a presentation of the network design used as a reference for
WDM/TDM PON:Ss takes place, along with the challenges such a design presents. These
are namely signal attenuation, chromatic dispersion and non linear effects. The
suggested solutions for overcoming limitations in a fully passive optical network
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infrastructure are the results of a combination of two requirements. The first is to fight
the challenges presenting themselves in optical networks due to natural phenomena,
with the effective use of other phenomena, without the use of electro-optical
conversion; and the second to avoid the use of any active equipment whatsoever in the
field. The solutions suggested are, amplification with the use of EDFs, use of dispersion
compensating fibers and signal equalization. Furthermore, the use of reduced OLT
power is recommended.

Following, we examine the idea of using remotely pumped EDF amplification, placing
the EDF in-line with the signals propagation direction. A special RN design has been
proposed for this reason, as well as a special wavelength allocation plan in order to
exploit the gain tilt of the EDF. The design solution has been tested with the use of
simulation tool and it has proven to be able to serve 1024 end users with several
hundreds of symmetric data rate in a maximum distance of 19km.This design can be
applied in both, normal and resilient operation. If normal operation is considered, then
all costumers can be served with the use of RSOA’s based ONUSs. Nonetheless, in the
worst case of a fiber cut, hence a fiber cut between the OLT and the first RN, the very
few users served by the most affected RNs can alternatively be served by standardized
GPON APD receivers. The proposed remote amplification solution consists of a fully
passive architecture which can expand the limits of already deployed passive
infrastructures, using remote amplification. The low pump power required, along with
the extended use of RSOAs suggested, make this design very efficient in terms of
OPEX. Furthermore, the overall cost of the RSOAs and the different components of the
network, consist of a profitable solution in terms of CAPEX.

Subsequently, the solution of using an alternative frequency band has been considered.
The reason for this was to enhance the number of the end users. Another reason was the
idea that this investigation can be expanded even more, so as to include operation in
both C and L bands. In this framework, another special design of a WDM/TDM PON
was implemented, based once more on the principle of cascaded in-line, remotely
pumped EDFAs. The design of the RN used is similar to the one used for the design of
the aforementioned network operating in C band only. A number of parameters have
been taken under consideration for the implementation of this network design and again
a special wavelength allocation has been considered. We showed that a WDM/TDM
passive optical network architecture using L-band in line amplification can again reach
19km, serving 1024 users with several hundreds of Mbps while all costumers are
serviced with RSOA’s based ONUs. This solution consists also of a fully passive
architecture which can enlarge the limits of already deployed passive infrastructures,
using remote amplification. The operational expenditures are expected to be decreased
due to the low pump power required along with the extended use of RSOAs. In addition
the overall capital expenditure can be reduced as once more RSOAs can be used for te
implementation.

After that, a trial network design, due to operate in both C + L band, has been
implemented. Further, the combination of Raman amplification with remotely pumped
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EDFs placed as in the previous chapters, in-line with the transmission path, thus
distributed in the WDM ring is shown. The feasibility of gain enlargement and
equalization on extended reach WDM-ring PON by means of hybrid Raman/EDFA
amplification has been investigated with the use of simulation. The network examined,
consists of an 80km WDM ring with 8 nodes, operated with 16 channels, 8 of which
cover the C band while the other 8 cover the L one. The results have demonstrated gain
equalization with a ripple of 2.54dB over a bandwidth of 50nm by using spans of EDF
with a total length of 22km.

Next, we have investigated the limits and the performance of a WDM/TDM network
operating in C + L band, which uses remotely pumped amplification in the drop part of
the network, with the help of an especially designed RN. With the covered wavelength
range from 1530-1563 nm in the C- and 1570-1600 nm in the L-band, in which
sufficient gain can be provided for the given power margins, a PON with data
transmission on 32 wavelengths in each waveband can be considered, serving with a
splitting ratio of 1:32 in the tree altogether 1024 users with a full-duplex data
transmission of up to 10 Gb/s. Together with the nominal reach of 56 km for the PON, a
capacity-length product of 17.9 Tb/s km is provided.

Following, an experimental study has been performed, in which we have tested the
behaviour of two different transmitters in a WDM/TDM PON. Namely, a distributed
feedback laser source (externally modulated by a Mach-Zehnder modulator) and an
integrated DFB — Electroabsorption Modulator have been examined. Two possible tools
to help combating the dispersion imposed restrictions on a WDM/TDM PON that is,
dispersion compensation fiber and electronic equalization have been investigated. The
results have shown that the behaviour of the network depends on the chirp of the
transmitter and the and on the value of the ER. The different signal improvement
methods contribute differently in each case. The best combination is the one of 9dB ER
with DCF and EDC regarding signal improvement, which offers a dispersion
independent uniform behaviour and an error-free performance at all lengths up to
100km with an OSNR value of up to 20dB. The 3dB ER with the same improvement
method is a lower energy consumption solution that requires up to 26dB OSNR.
Moreover, it has been observed that the transit from ER=3dB to ER=9dB causes a
significant decrease on the ROSNR, which especially when no means of signal
improvement are used, or when low cost DCF is used, can reach even the 14dB. In other
words, even when the lowest CAPEX solution is chosen, with a very small change in
the value of driving voltage, the quality of the transmission can significantly improve.
On the other hand, the choice of combining DCF in the transmitter (OLT) and EDC in
the receiver (ONU) gives a very constant behaviour for all different lengths, therefore it
can be easily suggested when the standardization of a PON is the main target. Finally,
the combined use of EDC and DCF can help improve the transmission by a range of
10dB of ROSNR which is translated into cost savings.

Finally, the combination of all the techniques used throughout this thesis, for the
optimization of a WDM/TDM PON, was realized in the framework of an experimental
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study. The remotely pumped EDFAs providinig in-line amplification were combined
with C + L band operation of the WDM/TDM PON. A special C + L band remote node
was designed and mounted. Raman amplification was used for the upstream signals and
the use of equalization was studied in the downstream signals. The ideas that have been
examined throughout this thesis were combined in an experimental set-up and an
experimental study, achieving to reach by means of in-line amplification and C+L-band
utilization, 106km in a WDM/TDM ring PON architecture, adding this way 6km to
previous studies. The special RN design has helped the realization of this goal. The use
of equalization has been examined and it does increase the performance of the network
especially in the case of a larger ER in a scale of 4-6dB. Nevertheless, even the 3dB ER
without the use of equalizer can offer an acceptable performance, so the cost of an
equalizer at least at the ONU part, can be avoided. The C+L band use can offer both an
increase on the number of end customers as well as the possibility in infrastructure
proprietors to lease one fiber to more than one operator. The suggested design can
render the network much more competitive, giving this way an impetus to the whole
technology.

10.2 Future work

As far as the financial assessment of FTTH optical networks is concerned, in the future,
the focus should be on the OFDM and high splitting ratio technologies. Future research
has to take place on the techno-economics of such networks, both in terms of OSP cost,
as well as active equipment cost. A comparison with metro-access WDM/TDM PON
technologies could be very enlightening. Furthermore, research should take place on the
OPEX of a WDM/TDM PON so as to have a complete image of such a network’s cost.

As mentioned in chapter 9, the capacity of the network with the use of the C + L band
and the proper design in the sense of wavelength allocation can theoretically be
doubled. This is a subject for further investigation. Further studies should also take
place for the examination of the equalizer at the OLT part for the network design
presented in the same chapter. Raman amplification in the upstream part has been
investigated and the results are processed to be presented. When the aforementioned
study is complete, the financial assessment of a WDM/TDM PON functioning in both C
and L bands could provide us with some very useful insight.
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